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Photosynthesis is the origin of oxygenic life on the planet, and itsmodels are the core of allmodels of plant
biology, agriculture, environmental quality and global climate change. A theory is presented here, based
on single process biochemical reactions of Rubisco, recognizing that: In the light, Rubisco activase helps
separate Rubisco from the stored ribulose-1,5-bisphosphate (RuBP), activates Rubisco with carbamyla-
tion and addition ofMg2+, and thenproduces twoproducts, in two steps: (Step 1) Reaction of Rubiscowith
RuBPproduces a Rubisco-enediol complex,which is the carboxylase–oxygenase enzyme (Enco) and (Step
2) Enco captures CO2 and/or O2 and produces intermediate products leading to production and release of
3-phosphoglycerate (PGA) andRubisco. PGA interactively controls (1) the carboxylation–oxygenation, (2)
electron transport, and (3) triosephosphate pathway of the Calvin–Benson cycle that leads to the release
of glucose and regenerationof RuBP. Initially, the total enzymeparticipates in the two steps of the reaction
transitionally and its rate follows Michaelis–Menten kinetics. But, for a continuous steady state, Rubisco
must be divided into two concurrently active segments for the two steps. This causes a deviation of the
steady state from the transitional rate. Kinetic models are developed that integrate the transitional and
the steady state reactions. They are tested and successfully validated with veriﬁable experimental data.
The single-process theory is compared to the widely used two-process theory of Farquhar et al. (1980.
Planta 149, 78–90), which assumes that the carboxylation rate is either Rubisco-limited at low CO2 levels
n po
nd th
creassuch as CO2 compensatio
rate cannot increase beyo
photosynthesis cannot in
leads to progressively negative
Rubisco-limited theory at low
and for all known enzymes, Ru
Abbreviations: A, gross photosynthesisminus photorespiration; ATP, adenosine-
-phosphate; ADP, adenosine-diphosphate; C, CO2 concentration; CA1P, 2-
arboxyarabinitol1-phosphate; CRC, carbon reduction–oxidation cycle; e, inactive
ubisco enzyme; E, free active Rubisco enzyme; Ei, the proportion of incident
rradiance (I) that is absorbed by chlorophyll; Enco, RuBP-enediol carboxylase–
xygenase (E-enediol); EPGase, RuBP enolase-phosphoglycerase (Rubisco); Et, total
nzyme; ES, enzyme–substrate complex; ETS, electron transport system; GAPDH,
lyceraldehyde-3-phosphate dehydrogenase; I, incident irradiance; KC, Michaelis
onstant for CO2; M, Mg2+; NPQ, non-photochemical quenching; P, product PGA;
GA, 3-phosphoglyceric acid; PQ, photochemical quenching; PSI, photosystem
; PSII, photosystem II; R or RuBP, ribulose-1,5-bisphosphate; Ru5P, ribulose-5-
hosphate; S, substrate; TP, triosephosphate; TPU, triosephosphate unit; V, reaction
elocity;VCmax,maximumcapacity of Rubisco transitional reaction;Vmax,maximum
apacity of Rubisco steady-state reaction; XuBP, xylulose bisphosphate; ϕ, quan-
um efﬁciency of photosynthesis;  , CO2 concentration at compensation point;  *,
O2 concentration at compensation point due to photorespiration; , convexity or
urvature factor; , relative speciﬁcity of CO2/O2; C, carboxylation efﬁciency.
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303-2647 © 2010 Elsevier Ireland Ltd. 
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Open access under CC BY-NC-ND license.int, or RuBP regeneration-limited at high CO2. Since the photosynthesis
e two-process theory’s Rubisco limit at the CO2 compensation point, net
e above zero in daylight, and since there is always respiration at night, it
daily CO2 ﬁxation with no possibility of oxygenic life on the planet. The
CO2 also contradicts all experimental evidence for low substrate reactions,
bisco included.
© 2010 Elsevier Ireland Ltd. 
1. Introduction
Carbon ﬂux into the biosphere ismainly controlled by the global
activity of Rubisco (ribulose 1,5-bisphosphate carboxylase oxyge-
nase EC 4.1.1.39) (Falkowski et al., 2000; Cox et al., 2000). Rubisco
is the enzyme that facilitates the entry of CO2 into metabolism of
plants and microorganisms through photosynthesis. The assimi-
lation of CO2 produces molecular oxygen (O2), which is released
to the atmosphere and maintains its CO2/O2 balance (Igamberdiev
and Lea, 2006). The large majority of global CO2 assimilation
occurs in C3 plants in which Rubisco operates at relatively low
Open access under CC BY-NC-ND license.carboxylation efﬁciency, in addition to oxygen inhibition and
deﬁciency of CO2 as the substrate (Spreitzer and Salvucci, 2002).
Atmospheric O2 can also react with Rubisco in place of CO2 as a
competitor for the same enzyme site (Ogren and Bowes, 1971). The
supply of CO2 to the Rubisco site is either direct in gaseous form
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in C3 plants), or the atmospheric CO2 is ﬁrst transformed into C4
cids in one compartment of the plant tissue, and then transported
nd released by decarboxylation in another compartment where
ubisco is located. The enzyme responsible for this biological
ump, which produces a higher CO2 partial pressure, is phos-
hoenolpyruvate carboxylase (PEPC) (Furbank and Hatch, 1987).
here are three biochemical subtypes of C4 plants, which differ in
heir C4 acid decarboxylases used: NADP-malic enzyme (NADP-
E), NAD-malic enzyme (NAD-ME), and phosphoenolpyruvate
arboxykinase (PEPCK) (Kanai and Edwards, 1999). By elevating
he concentration of CO2 at the site of Rubisco, the biochemical
O2 pump of C4 pathway increases the supply of CO2 to Rubisco
nd suppresses oxygenation by increasing the competitiveness
f CO2 (Furbank and Hatch, 1987). In fact as Furbank and Taylor
1995) point out, “The C4 pathway is a complex adaptation of the
3 pathway that overcomes the limitation of photorespiration.”
Photosynthesis is theessential coremoduleofmost largebiosys-
em models, and Rubisco is the gateway to photosynthesis and
xygenic life under all conditions. Since a biochemical model of
ubisco reaction can be shared in photosynthesis of C3 and C4
lants, it can play a signiﬁcant role in the development of biosys-
em models. Because of the complexity and interactions of inputs
nd outputs in Rubisco reaction, larger models that include prior
nd subsequent steps of photosynthesis cannot bypass this most
igniﬁcant step or sufﬁce by a minimal treatment of the subject.
herefore, there is a need for a model that can reﬂect the complexi-
ies of the basic biochemical process of Rubisco and its relationship
ith electron transport system (ETS) and Calvin cycle, which at the
ame time allows necessary extensions to cover inhibitions and the
ffects of other variables such as environmental andgenetic factors.
In this paper the function of Rubisco, and its relationships with
ts substrates, products, RuBP regeneration and electron transport
ystems, to the extent that they affect the core of the biochemical
odeling of photosynthesis, will be analyzed and brieﬂy dis-
ussed. New models will be presented that include two steps: Step
, for the synthesis of Rubisco-enediol that is the real carboxy-
ase/oxygenase, and Step 2, for the carboxylation/oxygenation of
nediol. The roles of the electron transport system that ignites the
rocess through activation of Rubisco activase and also provides
uel for the engine of Calvin cycle for continuation of the process
ill be addressed in the models. The effects of rate limiting steps
ill be considered in the models. The models will then be tested
ith veriﬁable published experimental data from the literature.
he limitations of the two-process theory and model of Farquhar
t al. (1980) and its subsequent modiﬁcations and clariﬁcations by
he senior architects of the model (von Caemmerer and Farquhar,
981; Collatz et al., 1990; Price et al., 1995; Ruuska et al., 1998;
on Caemmerer, 2000; Sharkey et al., 2007; von Caemmerer et al.,
009) will be discussed. The theory and models that are presented
ere are the reﬁned results after a long period of exposure and
omments. The goal of these early reviews was to receive feed-
ack and avoid the shortcomings of others (Farquhar et al., 1980;
on Caemmerer and Farquhar, 1981; Sharkey et al., 2007; von
aemmerer et al., 2009), which will be discussed later in this paper
uring the analysis of the two-process model.
. A Historical Perspective
Biochemical models of photosynthesis have been favoured as
he most robust scientiﬁc method for describing the quantitative
elationship between biomass production and the environmental
actors. Earlier models were based on Blackman (1905) law of
ingle factor limitation. But with the advancement of biochemical
inetic principles ofMichaelis andMenten (1913) and its extension
o the two-substrate ordered reactions by Haldane (1930), these103 (2011) 265–284
equations and rectangular hyperbola were used for a single sub-
strate reaction of CO2 ﬁxation and the response of photosynthesis
to irradiance respectively (Rabinowich, 1951), while versions of
Haldane (1930) were used for the two-substrate ordered reaction
of Rubiscowith respect to RuBP. However, Farazdaghi and Edwards
(1988) considered that since RuBP regeneration is dependent on
PGA and energy from ETS, and the PGA that is produced by
carboxylation is always greater than the amount required for the
replacement of consumed RuBP, therefore ETS is the main limiting
factor for RuBP regeneration. But, Farazdaghi (2007, 2009) revised
this position. He argued that the bulk of energy is used by TP
pathway, and any limitation of energy for this pathway will result
in a reduction in the processing of PGA, as well as RuBP pool size,
which has a feedback to, and inhibits Rubisco (Price et al., 1995).
Therefore RuBP regeneration never directly affects the steady state
rate of Rubisco reaction, so Radiation should be used as a factor
that helps release E from PGA and maintain the activation state of
Rubisco, as well as the RuBP supply.
It was shown by Farazdaghi (2009) that the Michaelis–Menten
equation is also a special case of the Liebig law of minimum and
Blackman (1905) law of limiting factors for enzyme reactions. In
the Michaelis–Menten model, the rate of reaction is proportional
to the concentration of enzyme–substrate complex, which is deter-
mined by both the concentrations of substrate and free enzyme.
However, as the concentration of substrate increases, the concen-
tration of enzyme–substrate complex also increases, which results
in a decrease in the amount of free enzyme, thus the substrate
and enzyme become co-limiting. Co-limitation continues until the
amount of free enzyme becomes the limiting factor (at substrate
saturation) and the rate of reaction does not increase any further
(maximum velocity). Therefore, what determines the limitation of
enzyme for the reaction rate is attainment of the maximum, or limit
to the velocity, which is in agreement with both Blackman (1905)
and Sharkey (1989). It is important to note that the discussion of lim-
itation is related to the limitation of the rate of reaction by the factor
that is in short supply, and the limitation will be removed, if the supply
of the factor is increased beyond its limiting concentration.
Michaelis–Menten type models and their equivalent rect-
angular hyperbolae were used for the relationship between
photosynthesis and CO2 concentration, or radiation, with some
degree of success (Hesketh and Moss, 1963). van Bavel (1975)
combined the effects of both radiation and CO2 as two Michaelis
functions. A similar equation with respect to RuBP and CO2 was
also given by Badger and Collatz (1977). However, experimen-
tal evidence showed that in some cases the experimental curve
developed a plateau faster than either rectangular hyperbola or
Michaelis–Menten curves (Lilley and Walker, 1975; Chartier and
Priol, 1976; Prioul and Chartier, 1977), and steady state CO2 assim-
ilation rate saturated “more quickly than can be predicted from the
RuBP saturated CO2 assimilation rate alone” (von Caemmerer et al.,
2009). Thus, attention was directed toward explanations and alter-
native theories for describing CO2 ﬁxation in plants. One group of
researchers used some empirical Blackman type models with dif-
ferent reasons for justiﬁcation (Thornley, 1976; Prioul and Chartier,
1977). Other researchers noted that in two-substrate reactions,
there were two types of reactions: (1) pre-steady state or tran-
sitional reaction that followed Michaelis–Menten kinetics and (2)
steady state reaction that had a lower plateau (Jamin et al., 1991;
Moulis et al., 1991). Laisk (1985), Laisk and Oja (1998) and Ruuska
et al. (1998), conﬁrmed these results for Rubisco. Laisk (1985)
and Ruuska et al. (1998) showed that the steady state maximum
velocity Vmax was about 30% of the transitional maximum velocity
(VCmax). The reason for this inhibition was unknown.
However, Laisk (1977) and Farquhar et al. (1980) independently
presented a model with the standard biochemical formulation,
but with a new assumption that considered “two independent
H. Farazdaghi / BioSystems 103 (2011) 265–284 267
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oig. 1. Thebiochemical reactionof Rubisco (EPGase): storageRuBPboundwithRubis
eC) and after addition of Mg2+ produces active Rubisco (eCM=E), which in turn rea
arboxylase and oxygenase (see text for details).
rocesses” to govern the CO2 assimilation of C3 plants: RuBP-
aturated Rubisco capacity limiting the reaction at low CO2 and
uBP regeneration rate with a maximum of Jmax at high CO2.
he two-process model with limitation of Rubisco at low CO2 was
ot acceptable by some researchers, consequently Farazdaghi
nd Edwards (1988) continued with the single-process model,
espite its shortcomings but because of the complexities of the
wo-substrate ordered reaction of Rubisco, they introduced the
se of carboxylation efﬁciency (C) instead of the customary KC.
n response, Collatz et al. (1990) criticized the article on the basis
f its inability to provide good ﬁts to cases where the experimental
vidence showed signiﬁcant departure from theMichaelis–Menten
esponse curve. This paper is expected to clarify the causes for the
eviation of photosynthesis from Michaelis–Menten curve and
rovide models for different light and CO2 levels. Furthermore, the
alidity of the assumptions of the two-process theory, that include:
Rubisco-limited” at lowCO2, “RuBP-Regeneration-limited” at high
O2, and the independence of carboxylation rate from radiation
ill be examined.
. The Theory of the Single-Process Biochemical Reaction of
ubisco
Ribulose 1,5-bisphosphate (RuBP) carboxylase/oxygenase,
ubisco, must be carbamylated with CO2 (C) and stabilized with
g2+ (M) in order to become active. In the dark, Rubisco is tightly
ound with RuBP at its carbamylation site. This suggests that
ubisco is a storage sink for RuBP that can be used as a source
hen required. Upon exposure to light, another enzyme, Rubisco
ctivase, is activated by ATP and facilitates the release of RuBP and
ts activation (Portis, 1992, 1995; Portis et al., 1995), producing
eCM=E). The initial reaction of Rubisco is transitional, and after
everal turnovers of enzyme the reaction reaches its steady state
r equilibrium level (Fig. 1).
.1. The Transitional Reaction
Once activated, Rubisco reacts with its ﬁrst substrate, RuBP (R),
nd after the removal of one proton produces enediol-enzyme
omplex (ER*), which can capture CO2 (carboxylation, ER*C) or O2
oxygenation, ER*O) (Taylor andAndersson, 1996; von Caemmerer,
000; Andersson, 2008). Calvin (1954) was the ﬁrst to discover
nediol and its signiﬁcance. However, it appears that despite its
ame as carboxylase/oxygenase, before the synthesis of enediol,
ubisco is neither carboxylase nor oxygenase; something that was
verlooked by Calvin. Therefore, it is evident that E-enediol is the) is separated fromEPGasewith thehelp of Rubisco activase (Ra), then carbamylated
ith RuBP and after the removal of one proton, enediol is produced that functions as
true carboxylase/oxygenase enzyme that is produced in light, then
is restructured with the capture of CO2 and broken into product,
PGA, and E at the end of ﬁrst turnover of reaction, as shown in
Fig. 1. Therefore it is proposed that E-enediol, ER*, be called ene-
diol carboxylase/oxygenase (Enco), and its producer enzyme, RuBP
carboxylase/oxygenase (Rubisco), be called enolase phosphoglyc-
erase (EPGase), which shows the twomajor products and functions
of the enzyme. This authorhasbeenhesitant tomake suchbold sug-
gestion for changing the name of Rubisco because of its popularity
and recognition. But, the carboxylation and oxygenation are not the
only functions of Rubisco.
Rubisco is the producer, carrier and controller of two products.
It reacts with RuBP and produces ER which after the removal of
one proton produces the enediol-enzyme complex, ER*. ER*, the
real carboxylase–oxygenase (Enco), capturesCO2/O2 andmaintains
the balance of these two gases in the earth atmosphere, which is
so important for the ecological balance of the planet. Enco is very
unstable and the reaction of ER to ER* is highly reversible through
a ping–pong mechanism (Collatz et al., 1990). In addition to its
instability, Enco may also undergo misprotonation and produce
xylulose-bisphosphate in a side reaction (Lee et al., 1993).
After the capture of CO2, Enco produces a 6 carbon inter-
mediate, 3-keto-2-carboxy-d-arabinitol-1,5-bisphosphate that is
irreversible (Andrews and Lorimer, 1987; Chen and Spreitzer,
1992). Therefore, enediol is consumed and changed structurally,
and the new intermediate product that is still tightly bound to the
enzyme (Rubisco =EPGase), is committed to the production of two
moles of a new product, PGA. The second product, PGA, controls
the activities of both the enediol carboxylase–oxygenase (Enco),
through its attachment to enolase-phosphoglycerase (EPGase), and
the electron transport system through control of the PGA supply.
It is helpful to understand that, both the Rubisco limitation at
low CO2 and the RuBP limitation at high CO2, which are the pillars
of the two-process theory of Farquhar et al. (1980), result in the
limitation of one enzyme that is enediol-carboxylase/oxygenase
(Enco). Photosynthesis is the foundation of oxygenic life on the
planet. Once enediol carboxylase–oxygenase enzyme is limiting at
CO2 compensation point in daylight, since Rubisco does not change
with CO2, and plant looses weight at night, thus, the growth rate is
always negative and oxygenic life cannot be maintained either at
low CO2 or at high CO2.3.2. The Steady State Reaction
In the initial response of EPGase to CO2, which is transitional, all
the steps of the reaction are sequential and perform as a single-step
268 H. Farazdaghi / BioSystems 103 (2011) 265–284
F
a
(
r
r
i
a
s
a
n
l
r
i
f
o
v
F
(
s
s
c
e
(
b
p
a
r
c
b
i
t
m
l
c
t
c
(
b
C
r
i
t
t
N
T
(
(ig. 2. The relationship between transitional (trans) and steady state (Step 2) CO2
ssimilation rate in tobacco leaves. Data extracted from the graphs of Ruuska et al.
1998).
eaction, in which the total enzyme participates. Thus the reaction
ate follows Michaelis–Menten curve with the maximum veloc-
ty of VCmax. But, as shown by Laisk (1985), Laisk and Oja (1998),
nd Ruuska et al. (1998), when the reaction settles to the steady
tate condition, a deviation from Michaelis–Menten curve appears
s shown in Fig. 2.
After the ﬁrst enzyme turnover, the reaction rate undergoes a
umber of oscillations, which are sinusoidal with consecutively
ower amplitudes (Keiller and Walker, 1990), until the reaction
eaches steady state or quick equilibrium with a much lower max-
mum velocity. This causes a deviation of the CO2 assimilation rate
romMichaelis–Mentenequation, and stops at amaximumvelocity
f Vmax that ranges from 25% to 50% of the transitional maximum
elocity (VCmax) as shown in Fig. 2 and envisaged by Laisk (1985),
arazdaghi and Edwards (1992), Laisk and Oja (1998), Ruuska et al.
1998). Thedataof Fig. 2 clearlydemonstrate that, initially, the tran-
itional and steady state velocities are similar, but the rate of steady
tate reaction deviates from that of transitional state before the
oncentrationofCO2 reaches itsMichaelis constant level. Thisprop-
rty together with the irreversibility of carboxylation/oxygenation
Andrews and Lorimer, 1987; Chen and Spreitzer, 1992) were the
asis of the single process theory and the two-step model that was
resented by Farazdaghi (2004) in a pre-publication internet forum
nd discussed by Farazdaghi (2005, 2007) in conferences and a
eview (Farazdaghi, 2009).
The new theory considers that, PGA is produced and its con-
entration reaches the equilibrium level that is determined by the
alance of PGA input to, and output from the medium. The input
s from carboxylation–oxygenation pathway, and the output is
hrough its consumption by the triose phosphate pathway, that is
ainly controlled by the electron transport system. Thus, the equi-
ibrium concentration of PGA creates a regulatory node, in which
hanges in the PGA level can modulate both EPGase (Rubisco) and
he electron transport systems. The two systems and Calvin cycle
an interact through changes in PGA concentration. Kiirats et al.
2010) conclude that there is a tightly coordinated function of car-
on metabolism in C4 photosynthesis as CO2 is delivered from the
4 pathway to the C3 cycle, and that ATP synthase plays a central
egulatory role in C4 as well as C3 plants. The new theory presented
n this paper suggests that the primary controller of this coordina-
ion is EPGase (Rubisco), which through regulation of PGA, controls
he demand for ATP and interacts with photophosphorylation and
ADPH synthesis, and the NPQ component of energy.
Fig. 1 describes the biochemical reactions of EPGase enzyme.
he activation of EPGase (eCM=E), the synthesis of ER and ER*
Enco) are all sequentially ordered, through which carboxylation
ER*C) or oxygenation (ER*O, not shown) takes place and the reac-
(Fig. 3. The interactions of EPGase (Rubisco) with electron transport system and
Calvin cycle.
tion continues until the endof enzyme turnover, that is the removal
of PGA and release of enzyme. TheMichaelis–Menten curve in Fig. 2
represents the response curve of Enco to CO2 for the ﬁrst enzyme
turnover. Fig. 3 demonstrates the role of the electron transport sys-
tem (ETS) through the triose phosphate (TP) pathway, which has
interactions with glucose/starch synthesis through the recycling of
inorganic orthophosphate (Pi) (Sharkey, 1985; Kiirats et al., 2010).
The triose phosphate pathway also controls the RuBP regenera-
tion pathway, and although it is irreversible, the rate of its PGA
consumption has feedbacks to PGA concentration, which in turn
affects both EPGase (Rubisco) and electron transport. Since the pri-
mary role of energy through the triose phosphate pathway is the
release of EPGase (Rubisco), it can readily be concluded that (1) the
start of photosynthesis is triggered by light through the activation
and the inﬂuence of EPGase (Rubisco) activase on carbamylation of
EPGase, and (2) the activation state of EPGase under steady state
conditions is determined and controlled by the Calvin cycle that is
responsible for the release and turnover of Rubisco. However, since
PGA plays as the interface between the carboxylation/oxygenation
and Calvin cycle, its role is to regulate both of these systems. Since
EPGase is the enzyme responsible for production and regulation
of PGA, it has the paramount underlying role in regulation of car-
boxylation/oxygenation, PGA, electron transport, and the Calvin
cycle.
The consumption of energy is determined by the minimum
of the supply and demand. The maximum supply rate of energy
through the electron transport system is determined by the capac-
ity of electron acceptors, but the actual rate cannot exceed the
demand for ATP and NADPH, the bulk of which is created by
triosephosphate pathway. The metabolism of TP in glucose–starch
synthesis helps the return of Pi for ATP synthase and photophos-
phorylation (Kiirats et al., 2009), and the RuBP regeneration with
little energy cost (see Fig. 4), has a secondary role in energy con-
sumption, but it is responsible for the maintenance of RuBP supply
for the required equilibrium level of Enco. Thus, EPGase plays the
major role in directly controlling the levels of PGA and Enco, indi-
rectly interactingwith the regulations of electron transport system,
self-controlling the activation state of EPGase (Rubisco), and even
regulating RuBP storage and release. Three major loops are shown
in Fig. 3:
A) The lower left loop shows the dark storage of EPGase
(Rubisco = e) and RuBP, which are the two components
for the synthesis of Enco in the light, followed by the effect of
EPGase (Rubisco) activase (Ra) in light for separation of the two
components and carbamylation and activation of EPGase (E).
H. Farazdaghi / BioSystems 103 (2011) 265–284 269
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lig. 4. The stoichiometry of EPGase (Rubisco) reaction in PCRandPCOpathways and
he energy consumption in Calvin cycle for net CO2 ﬁxation and RuBP regeneration.
B) The upper loop describes the synthesis of Enco by EPGase
and RuBP, the carboxylation of Enco, production of PGA that
interfaces with the electron transport system, and the turnover
of EPGase.
C) The lower loop connects PGA to the Calvin cycle through the
electron transport system and branches into glucose–starch
synthesis and RuBP regeneration.
Another factor that adds to the strength of PGA as a strong con-
roller of the EPGase/electron transport systems is the rate atwhich
t is produced, i.e. 2 PGA per EPGase, but only one PGA is required
o inhibit one EPGase (data of Price et al., 1995). This indicates
he inhibitory and regulatory power of PGA on both carboxyla-
ion/oxygenation and the electron transport systems. No other
actor can be found in the related literature with such remarkable
ualities as PGA that can serve this purpose.
The stoichiometry of reaction for C3 pathway is given by
arazdaghi and Edwards (1988) and is shown in Fig. 4. It shows
hat the energy consumption of C3 pathway is equal to 28 ATP
nd 18 NADPH for 6 net CO2, which is approximately 5 ATP and 3
ADPH for each net CO2 ﬁxed. The CO2 pump in C4 plants increases
he concentration of CO2 at the site of its consumption by EPGase
Rubisco) andeffectively limitsoxygenation. Thisprocess, however,
as energy cost that is slightly different for the three C4 subtypes.
The energy costs of CO2 pumps for NADP-malic enzyme (NADP-
E) and NAD-malic enzyme (NAD-ME) type plants are 5 ATP and
NADPH, while for PEP-CK (phosphoenolpyruvate carboxykinase)
t is 3.6 ATP and 2.3 NADPH. However, Kiirats et al. (2010) suggest
hat, because of the contributions of mitochondrial ATP and the
oss of energy in non-photochemical quenching (NPQ), the cause of
hich is not clear, the accounting of energy for the three pathways
ay only be an approximation.
Fig. 4 also shows the additional cost of energy (∼=1 NADPH/CO2
roduced) by oxygenation, in which for each RuBP that is used,
.5 PGA and 0.5 CO2 are produced as opposed to 2 PGA/RuBP for
arboxylation. At the CO2 compensation point (see Fig. 5), where
he net CO2 ﬁxation is zero (excluding the dark or day respiration),
nd the ratio of carboxylation to oxygenation is 1:2, the energy
onsumption for C3 cycle is 8 ATP and 5 NADPH per CO2 consumed.
Because of the unproductive nature of photorespiration and
he resulting losses in the efﬁciencies of both carbon ﬁxation and
nergy use, some researchers consider this reaction to be a waste
Spreitzer and Salvucci, 2002; Parry et al., 2008). However, an
mportant factor that is suggested here is that there is another
volutionary aspect to this reaction, which might have been over-
ooked. Since C3 plants are mainly from temperate habitats, theFig. 5. The stoichiometry of reactions of carboxylation and oxygenation and the
consumption of energy at CO2 compensation point.
vertical crop proﬁle may easily be depleted of CO2 in calm hot mid-
day weather conditions. The susceptibility of the stomatal opening
to the ambient CO2 concentration adds to the rate of water loss
and exacerbates the heat stress, because ofwhich, someplantsmay
not survive. This view is consistentwith the experimental evidence
providedby Igamberdiev et al. (2004)who found that CO2 uptake in
three species of plants with genetically reduced photorespiration,
grown in either ambient (360l l−1) or enriched (700l l−1) CO2
concentration, was lower than the wild type plants. This problem
has been solved in nature by the evolution of CO2 pump in C4 and
CAM species. Thus, the removal of the oxygenation reaction may
not be a rewarding process.
4. The Models of the Single-Process Reaction
As mentioned before EPGase must be activated at ﬁrst through
the separation of RuBP from EPGase, and its carbamylation with
the help of EPGase activase, and ﬁnally the addition of Mg2+ that
produces active EPGase. So, there are two distinct steps to the reac-
tion of EPGase: Step 1 constitutes the reaction of EPGase with RuBP
and the synthesis of enediol carboxylase/oxygenase (Enco), and
Step 2 covers the carboxylation/oxygenation of Enco with CO2 and
O2 until the production of PGA (see Figs. 1 and 3). Both of these
two steps are parts of the single process of EPGase (Rubisco) reac-
tion. When the total enzyme participates in each step sequentially,
the steps are added together and act as the larger single step. The
reaction is transitional and deﬁned by theMichaelis–Menten equa-
tion. When the two steps must react and be present concurrently,
in a continuous steady state reaction, then the enzyme is subdi-
vided into the two parts: one produces the enzyme (Enco) and the
other uses the enzyme. Thus the rate of reaction cannot exceed
the minimum of the two steps. But, when the substrates of both
steps are saturating, the two steps are limited by free enzyme, and
the maximum rate of reaction cannot exceed 50% of the transi-
tional reaction. Farazdaghi (2004) developed the equations for the
two-step biochemical reactions, which adds a novel approach for
derivation of kinetic equations for ordered reactions. It differs from
the Haldane (1930) type models used by Farazdaghi and Edwards
(1988) that represent only one step. In this mode, the rate (V) of
each step, is determined by its substrate level but, its maximum rate
(Vmax) is determined by total enzyme minus the portion of enzyme
that is engaged in the enzyme–substrate complex of the slower step.
The details of derivation of the models are given in Appendix A.
The single-step (transitional), and the two-step (steady state)mod-
els are validated with respect to both radiation (replaced for RuBP
input), and CO2.
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.1. Models of the Single-Step Transitional Responses to CO2 and
adiation
The value of net carbon ﬁxation is reduced by both photores-
iration (Rp =0.5Vo) and the dark respiration during the day (day
espiration, Rd), according to Eq. (1).
= V − 0.5Vo − Rd (1)
Therefore, the models of initial transitional reactions for car-
oxylation/oxygenation and the removal of PGA by electron
ransport system are given by Eqs. (2) and (3) respectively.
C-Trans =
VCmax · a(Ci −  ∗)
VCmax + aCi
− Rd (2)
i-Trans =
VCmax · ϕI
VCmax + ϕI
− Rd (3)
During the initial transitional reaction, RuBP is supplied fromthe
uBP that was stored in EPGase in the dark, which is often referred
o as the tight binding inhibitor. But, in the light, electron transport
as two functions: the release of E and the regeneration of RuBP
nder steady state conditions. The amount of RuBP that is used in
he reaction should be regenerated from the product of the reac-
ion, PGA, in the triose-phosphate to RuBP regeneration chain of
he Calvin cycle, using the energy that is provided by NADPH and
TP through electron transport system. At CO2 levels above the
ompensation concentration ( *), the PGA that is produced is not
limiting factor for the production of consumed RuBP. Thus, the
ain task of energy is the release of E and the reproduction of ene-
iol for the regeneration of Enco that has been used. Therefore, the
uantum efﬁciency ϕ, is related to the system as a whole.
.2. Models of the Two-Step Steady State Responses to CO2 and
adiation
It is observed from Fig. 2 that when both CO2 and radiation are
aturating, the transitional velocity approaches VCmax, while the
aximum steady state (Vmax), reaches a level that is less than 50%
fVCmax. Since both the enediol carboxylase/oxygenase and its sub-
trates (CO2 and/or O2) can be variables, the reaction can be treated
s a two-substrate two-step reaction similar to Farazdaghi (2009),
ith EPGase (Rubisco) as the enzyme and RuBP and CO2 (or O2)
s the two substrates. Under sub-saturating conditions, the rate of
eaction is the minimum rate allowed by either of the two sub-
trates, while EPGase is shared by the two reactions. The effect of
ompetition for RuBP between carboxylation and oxygenation is
eﬂected in the net quantum efﬁciencies of the respective reac-
ions as described by Eq. (A5). When CO2 is saturating, the steady
tate response of carboxylation to radiation can determine theVmax
f the CO2 response curve. As the concentration of CO2 increases,
he rate of photorespiration, Rp (=0.5Vo) decreases and approaches
ero at CO2 saturation. The ratio of the response of VCmax to Vmax is
iven by:
VCmax
Vmax
= 1 + ˛1 + ˛2 (4)
here ˛1 and ˛2 are positive constants and are related to Step 1 for
he synthesis of Encogiven inEq. (5), andStep2 for its carboxylation
n Eq. (6) respectively.
1(Ai+Rd)2−(Ai+Rd)[(1 + ˛1 + ˛2)ϕI + VCmax] + ϕI · VCmax=0 (5)
21 + ˛1)(Ac + Rd) − (Ac + Rd)[(1 + ˛1 + ˛2)a(Ci −  ∗) + VCmax]
+aCi · VCmax = 0 (6)
here Ai and Ac represent the rates of carboxylation relative to I
or a given CO2 or relative to CO2 for a given level of I respectively.103 (2011) 265–284
˛1 and 1+˛2 represent the portion of enzyme that is engaged in
Step 1 and Step 2 respectively, and the larger of the two shows the
step that is limiting the rate of reaction. Eq. (5) describes the rate
of carboxylation when either RuBP or EPGase (Rubisco) is limiting
the rate of the synthesis of enediol carboxylase/oxygenase (Enco).
ϕ·I represents the energy content of RuBP input and VCmax repre-
sents EPGase capacity (see Appendix A for the details). When Step
1 is limiting, the value of ˛1 is greater than the value of 1 +˛2.
Large values of ˛2 represent product inhibition through feedback.
In responses of carboxylation to radiation, when the rate of car-
boxylation deviates from Eq. (5), then the limitation will shift from
Step 1 to Step 2 and the relationship should follow Eq. (7).
(1 + ˛1)(Ai + Rd)2 − (Ai + Rd)[(1 + ˛1 + ˛2)ϕI + VCmax]
+ϕI · VCmax = 0 (7)
This is the case when feedback from PGA will cause product
inhibition ormisprotonation of enediol producesXuBP and enzyme
limitation. Water deﬁcit, limitations of inorganic phosphate (Pi),
and other factors that can limit the triosephosphate pathway can
cause this limitation.
In response to light, when the rate of photosynthesis is not lim-
ited by feedbacks, Eq. (8), which is a simpliﬁed function of Eq. (5),
with ˛1 =1 and ˛2 =0 may explain the relationship adequately
0.5(Ai + Rd)2 − (Ai + Rd)(ϕI + Vmax) + ϕI · Vmax = 0 (8)
Therefore, rate of photosynthesis is described by one of the
three equations: (i) the Michaelis–Menten equation or rectangular
hyperbola for the transitional phase, (ii) Eq. (5) for the limita-
tion of Step 1, and (iii) Eq. (6) or (7) for the limitation of Step
2 for either CO2 or radiation respectively. Eq. (8) is only a spe-
cial case for radiation, which does not provide enough feedback
information and may easily be confused with the Blackman type
empirical models, and thus is not a preferred model. As men-
tionedbefore, theMichaelis–Mentenequation, althoughdeveloped
independently, is an application of the Liebig–Blackman law that
considers a variable concentration of free enzyme as the concen-
tration of enzyme–substrate complex increases. Therefore, there is
no disparity between the two principles. In the models presented
here, we have the competing effects of the demands for the free
enzyme from different enzyme–substrate complexes that share
that enzyme.
5. Veriﬁcation and Validation of the Single-Process
Two-Step Models
This section presents an experimental evaluation of the models.
In keeping with the basics of modeling, at least two independent
datasets, one for veriﬁcation and the other for validation of the
models are presented, although more datasets have been used in
the analysis. In order to maintain neutrality, the data has been cho-
sen from reliable sources in the refereed literature irrespective of
their positionwith regard to the two-process theory. The objectives
are to: (a) verify and validate that the relationship envisaged by the
theory between the transitional and steady state rates, for both CO2
and light, (b) verify the validity of the two steps of the reaction for
steady state and/or equilibrium conditions, (c) determine if there
are caseswhere the limitation of one step shows a clear sign of inhi-
bition of the process that should be further studied, (d) determine if
the effects of energy limitation can be separated from Calvin cycle
limitations in RuBP regeneration pathway and (e) conﬁrm, as the
ﬁnal objective,whether themodels presented for radiation andCO2
can function as a single-process model and describe the variations
of both CO2 and light in a single dataset. The signiﬁcance of this
last step is that proves that the rate of carboxylation is not inde-
stems 103 (2011) 265–284 271
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Fig. 6. Simulation and experimental data of carboxylation of a PEPC Amaranthus
interdependence is further clear. However, there are two other
sets of data in Table 1 with their rectangular hyperbolae shown
in Fig. 6A and their estimated values (minimum values of rectan-
gular hyperbola and Step 2 estimates) are shown in Fig. 6B. Since
Table 1
Simulation parameters of PEPC mutant (Fig. 6).
Cases
a b c
 (molm−2 s−1 Pa−1) 6.0 6.0 6.0
V (molm−2 s−1) 65.0 52.0 104.0H. Farazdaghi / BioSy
endent of RuBP supply that is the hypothesis for two independent
rocesses by Farquhar et al. model.
.1. Validation of the Two-Step A/Ci Model
Since the effects of radiation involve both the removal of
GA and the synthesis of the carboxylase–oxygenase enzyme in
teady state photosynthesis, and are thus more complex in nature,
he carboxylation of enediol will be examined ﬁrst. In this sec-
ion a number of different sets of datasets are used to evaluate
he main feature of the model, the relationship between the
ichaelis–Menten equation for the transitional phase and the sec-
nd step of the reaction during the steady state conditions.
Several sets of data from C3 and C4 are chosen for this analysis
ome with more detailed description in the main text and some
thers are presented in Appendix B.
(I) As mentioned before, the data of Ruuska et al. (1998) for
arboxylation of tobacco leaves under 2% oxygen and 1000mol
uantam−2 s−1 (extracted from the graphs) in which both the
ransitional and steady state rates are measured and the steady
tate rate deviates from the transitional curve. Since both cases
re experimentally measured, a test of the theory is supported by
xperimental evidence.
The followingprocedure isusedwitha spreadsheet formodeling
his set of data:
(a) The maximal velocity of the transitional reaction found by
the authors (VCmax =72.5), is divided by the maximal veloc-
ity of steady of steady state reaction (Vmax =27.7) using
VCmax/Vmax =1+˛1 +˛2, to ﬁnd the value of ˛1 +˛2 =1.6173.
b) The initial slope of the curve (C =0.145) is found from the data
or through rectangular hyperbolic function that is equivalent to
Michaelis–Menten equation.
(c) The value of Rd =1 is also found from the graph of the data.
d) Eq. (6) is used and with adjusting the value of ˛2 for the best
or a satisfactory ﬁt ˛2 =1 is determined. Other values such as
 d =Rd/C canbe calculated too for additional information.The
value of ˇ is determined by ˇ = (1+˛2)/(1 +˛1 +˛2) and is sim-
ilar to the parameter  of Blackman type models. In this case
both sides of Eq. (6) can be divided by (1+˛1 +˛2) and consid-
ering Eq. (4) for the relationship between VCmax and Vmax, we
get:
ˇ(Ac+Rd)2−(Ac+Rd)[a(Ci− ∗) + Vmax]+aCi · Vmax = 0 (9)
t is evident that Blackman type models have some similarity with
q. (9), which could be the reason for their relative success. How-
ver, the mathematical simplicity of Eq. (9) comes at the cost of a
oss of some useful information that can be helpful in understand-
ng the possibility of some inhibition and modeling the reaction. It
lso shows the reasons for the interactions found between  and
max in Blackman type models.
Fig. 2 shows the relationship envisagedbetween the transitional
nd the steady state reactions. It is evident that the two response
urves of Fig. 2 have been well described by Eqs. (2) and (6). Often
he value ofVCmax has been found to be somewhat larger than twice
he Vmax, consequently it presents further limitations, and lends
ome support for additional inhibition that is proposed by Laisk
t al. (2009).
(II) The data from the PEPC mutant Amaranthus edulis
rom Kiirats et al. (2002) are used here in Fig. 6 with the
ichaelis–Menten equation for transitional state and the step-2
odel for the steady state. The relationship is self-evident. The
odel parameters (Table 1) show a large value for ˛2 in this C4
utant.edulis. Data of Kiirats et al. (2002), courtesy of the authors. Three cases (a–c) have
been tested with three VCmax values as shown in Table 1. The Michaelis–Menten
curve (MM) for each case is shown in (A) and minimum values (Min) respectively
in (B). Model parameters are given in Table 1.
The graph of Fig. 6 is initiated with estimation of two param-
eters, the initial slope ( =6), and the Vmax =26, at the plateau of
the curve. A rectangular hyperbola is ﬁtted with the initial slope
with different VCmax values, three of which are given in Table 1. For
a, VCmax =65 (column 2). The value of KC = VCmax/ =65/6=10.83
is determined as an additional information. Then considering
that VCmax/Vmax =1+˛=1+˛1 +˛2, then ˛=1.5, and its distribution
between ˛1 and ˛2 can be determine by the ﬁt of the curve on the
graph. The values are given in column 1. The interrelation of the
two equations of transitional and steady state reaction and theirCmax
Vmax (molm−2 s−1) 26.0 26.0 26.0
KC (Pa) 10.83 8.667 17.333
˛ 1.5 1.0 3.0
˛1 0.3 0.24 0.48
˛2 1.2 0.76 2.52
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Table 2
The simulation parameters of Fig. 7. Data of Hozain et al. (2010).
P. balsamifera P. deltoides
t (◦C) 27 36 27 36
VCmax (molm−2 s−1) 120 164 115 160
Vmax (molm−2 s−1) 60 82 57.5 80
C (molm−2 s−1 Pa−1) 1.62 1.34 1.9 1.75
Rd (molm−2 s−1) 4 5 4 7
 * (Pa) 3.7 5 4 3.7
˛ 1 1 1 1
F
a72 H. Farazdaghi / BioSy
he two ends of the curve (Vmax and  ) are ﬁxed, attention should
e paid to the curvature or colimiting part of the curve. With sim-
lar operations for the new VCmax values the results are given in
olumns 3 and 4 of Table 1, and Fig. 6B. From the scatter of esti-
ates around the experimental data one can observe visually or
tatistically can minimize the residual sum of squares for the best
t. This exercise shows the importance of experimental measure-
ent of the transitional reaction for obtaining accurate and reliable
esults.
The various sets of experimental data for C3 and C4 plants
hat were examined here and in Appendix B all supported
he validity of the model for the Step 2 reaction that is the
arboxylation–oxygenation reactionof Enco. Additional inhibitions
or acclimation of photosynthesis to CO2 enriched conditions for
oth C3 and C4 plants are reﬂected as increases to the value of ˛2
see Appendix B), the mechanisms of which may require further
nvestigation. This information may be helpful in recognition and
reatment of the inhibiting factors in both genetic engineering and
he pharmaceutical industry.
.2. Deviation from Michaelis–Menten Curve and the Magnitude
f Inhibitions
The deviation of the response of photosynthesis to CO2 has been
he major centre of attention in the past half century, and has led
o different theories ranging from a great inhibition (50–70%) of
ssimilation rate (Laisk et al., 2009) to the two-process theory and
odel of Farquhar et al. (1980)with the assumption of Rubisco lim-
tation at CO2 compensation point. A new theory by Tcherkez et al.
2006) stated that: “Despite slow catalysis and confused substrate
peciﬁcity, all ribulose bisphosphate carboxylases may be nearly
erfectly optimized”. This theory was a signiﬁcant departure from
ig. 7. Simulation of carboxylation of two species of Populus balsamifera and Populus de
uthors.˛1 0.6 0.65 0.7 1
˛2 0.4 0.35 0.3 0
KC (Pa) 74.07 122.4 63.9 91.4
the position of Farquhar et al. concerning the limitation of Rubisco
at low CO2. But, the theory was conﬂicted shortly after by Sharkey
et al. (2007) and von Caemmerer et al. (2009)who retracted to their
previous positions.
A signiﬁcant contribution of present theory is to determine if
there is an inhibition and if so, what is the extent of the inhibition.
For this purpose an excellent dataset from Hozain et al. (2010) on
photosynthesis of two species of Populus at two temperatures (27
and 36 ◦C) is used in the analysis. The results are shown in Fig. 7,
and the simulation parameters in Table 2.
It is apparent from Fig. 7 that the dataset is exceptionally
well produced and the model deﬁnes the data elegantly. The
Michaelis–Menten equation ﬁts the steep part of the curves and
the Step-2 model (Eq. (6)), ﬁts their plateau. The intersection of
the two curves shows the “perfect coupling” that was theoretically
promised by Farquhar et al. (1980), but never materialized with-
out the use of the convexity factor. Table 2 shows that the ratio of
VCmax/Vmax is 2:1 and ˛=1. No sign of inhibition is observed in this
dataset.
ltoides at two different temperatures. Data of Hozain et al. (2010), courtesy of the
H. Farazdaghi / BioSystems 103 (2011) 265–284 273
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Table 3
Parameters of Fig. 8 for the simulation of the data of Walker (1989).
Amax (molm−2 s−1) 18.5
Vmax (molm−2 s−1) 20.59
VCmax (molm−2 s−1) 52.18
ϕ (molmol−1) 0.11
Io (molm−2 s−1) 19
˛1 +˛2 1.534
˛1 0.184
includes different levels of radiation with three levels of CO2. The
CO2 values and thebest-ﬁtparameters for theBlackman typemodel
used by the authors are shown in Table 4, which shows that, only
two common values (KC and  *) are employed in modeling of the
Table 4
Parameters of the Blackman type model used by Ogren and Evans (1993) in ﬁtting
individual curves to experimental data for each CO2 level with the two-process
model.
CO2 (Pa) 12.2 26.5 74
 0.8 0.71 0.18ig. 8. The simulation of photosynthesis of Spinacia oleracea L. (spinach leaf) at 20 ◦C
elative to radiation at CO2. Data of Walker (1989). See text for the details.
Theoretically, the modeled parameters represent well-grown
nd stress-free plants with no inhibition. It is interesting to see
ow different stress conditions change the model parameters, and
he biochemical changes that can be related to the variation in
arameters.
The data ofAmaranthus retroﬂexus, at four different temperature
evels (10, 17, 24 and 32 ◦C), by Sage (2002) is also modeled and the
esults are shown in Appendix B, Fig. B3. The model parameters are
n Table B3. No sign of inhibition is observed at any temperature
or this dataset either.
The model was validated with ˛=1 (no inhibition), with one
pecies of sorghum (Fig. B2), two species Populus (Fig. 7), one
pecies of A. retroﬂexus (Fig. B3), under a large range of different
emperatures and growth CO2. The fact that for each and every
ne of the ten cases the steady state maximum rate, Vmax, was ½
f the transitional maximum, VCmax gives generality to the theory
nd conﬁrms the validity of the model. Further tests on the same
pecies under different environmental conditions may shed some
ight on the primary cause or causes of some signiﬁcant inhibition
hat has been observed for other plant materials. Additional tests
f the model (not reported here) with the data of von Caemmerer
nd Farquhar (1981), von Caemmerer et al. (1994), Price et al.
1995), and von Caemmerer (2000) also conﬁrmed the validity of
he model.
.3. Validation of the Two-Step Light Response Models
In this section, the validity of the theory for the ﬁrst step that is
he reaction of the EPGase (Rubisco) with RuBP and the synthesis
f enediol carboxylase/oxygenase (Enco) and Eq. (5) and a change
f limitation to Step 2 (Eq. (7)) will be examined.
In order to explore the validity of Eq. (5), the data of Walker
1989), on the response of photosynthetic rate (A) of spinach plant
o irradiance, under saturated CO2 at 20 ◦C, were used for this anal-
sis. The results are shown in Fig. 8 and the model parameters in
able 3.
This excellent dataset has been chosen for its frequency of data
oints. The model consists of three segments: (1) A rectangular
yperbola (Eq. (3)) is used ﬁrst for the initial part of the curve. This
rovides the values for VCmax, ϕ and Rd. (2) Eqs. (5) and (7) for
tep 1 and Step 2 respectively are used next for different stages in
he reaction. Eq. (5) is used with the parameters that have already
een found and with ˛=˛1 =1, and ˛2 =0. In this example, Eq. (5)
overs the intermediate sections of the curve; and (3) Since there
re remaining points that cannot be covered with Step 1 equation,
here must be additional resistances beyond this step. Therefore,
rom the estimate of the steady state plateau of the curve and the˛2 1.35
ˇ 0.927
Rd 2.09
use of transitionalmaximumweﬁnd the values of ˛1 +˛2. Then the
equation of Step 2 is used to describe the plateau of the curve. The
ﬁnal result is the minimum of the three values of the three steps as
shown in Fig. 8. The parameters found for the models are given in
Table 3.
The extensive light response datasets of the photosynthesis of
apple leaves grown under different nitrogen treatments (Cheng
et al., 2001), are investigated. For these datasets Eq. (3) is used for
the effects of radiation on the transitional reaction of EPGase and
the values of the initial slope (ϕ), the maximum transitional veloc-
ity and Rd are found. The maximum value of VCmax cannot be less
than twice the value of Vmax. The equation of the Step 1 is used
with the values of ˛=˛1 =1 and ˛2 =0. The response curve of this
equation may cover some or all of the data. If the curve does not
cover all of the data, then the estimates of Vmax are used in Eq. (4)
to ﬁnd the value of 1 +˛1 +˛2, and then Eq. (7) is used for Step 2
to ﬁnd the distribution of ˛ between the two steps of the reaction.
The ﬁnal result is the lowest value of the transitional, Step 1 and
Step 2 reaction velocities.
The response curve for each reaction is shown in
Fig. B4, Appendix B, and the changes from Step 1 to Step 2
for the top three curves are shown in Fig. B4b. The simulation
parameters are given in Table 4.
Since therehasbeenadiscussionof three stepshere, it isperhaps
useful to mention that there is no conﬂict between having several
steps in a reaction and still be called a two-step reaction.
The main goal of the term two-step reaction has been to stress
that always there can only be one rate limiting or one rate deter-
mining step at a time, and the rest of reaction constitutes the
non-limiting step, and in the particular case of CO2 ﬁxation, the
ﬁrst step is the synthesis of Enco enzyme and the second step its
carboxylation and oxygenation of the enzyme.
5.4. Validation of the Two-Step Models for the Combined Effects
of Radiation and CO2
The model is also tested with an integrated dataset from Ogren
and Evans (1993) on the photosynthesis of Eucalyptus leaves thatϕ (molmol−1) 0.031 0.0448 0.07
Pm (molm−2 s−1) 12.4 33.2 71
 * (Pa) 4
KC (Pa) 57
O2 (Pa) 20
274 H. Farazdaghi / BioSystems
Fig. 9. Simulation of photosynthesis of eucalyptus leaves under three different lev-
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Pls of CO2 concentration (12.2, 26.5 and 74Pa)with the single-processmodel.Model
arameters are shown in Table 5. Data of Ogren and Evans (1993), courtesy of the
uthors. See text for the details.
ataset by the Blackman type model, and the rest, the maximum
eaction velocity (Pm), the quantum efﬁciency (ϕ) or even the con-
exity factor () are found to be different for each CO2 treatments,
lthough they have everything in common except CO2 concen-
ration. A similar curve ﬁtting procedure has been used for the
hotosynthesis of Salix leavesbyOgren (1993). The response curves
rovided by these best-ﬁt values were good, as expected from pre-
ious tests of Blackman type models (e.g. Thornley, 1976; Prioul
nd Chartier, 1977).
Here, an integrated single-process simulation is presented in
ig. 9with thedataofOgrenandEvans (1993). Themainparameters
hosenare given inTable 5. Theparameters of Table 5 are calculated
ssuming that, for the highest concentration of CO2, the maximum
ate of transitional velocity is double that of the maximum rate of
teady state, with ˛=1.
As before, a rectangular hyperbola is used for the transitional
tate enediol synthesis with respect to radiation, that covers the
nitial part of the curve (not shown in the ﬁgure) and Eq. (5) covers
he rest of the light response curve of the highest CO2 level. C is
net value for carboxylation efﬁciency in competition with oxy-
enation. The light saturated steady state Vmax for each CO2 level
s calculated from Eq. (6). The values of ϕ are found from ϕm and
he CO2 levels from Eq. (A5) in Appendix A. The values of ˛ for each
urve are calculated using Eq. (4). These parameters are submitted
o Eq. (5) for each level of CO2, and the results are presented in Fig. 9
solid lines).
The close proximity of the simulated responses with the exper-
mental data in Fig. 9 gives weight to the validity of the single
rocess theory. To re-afﬁrm the results obtained in Fig. 9, the data
f Ogren (1993) from experiments on Salix plants, grown in a high
adiation environment (1400molm−2 s−1), were also used with
he same procedures. The results (not shown here) were close
eplications of the data presented in Fig. 9. It is evident that the
ingle-process model can describe both the logical and quantita-
ive inter-relationship between different steps of CO2 ﬁxation in
PGase (Rubisco) reaction.
able 5
arameters of Fig. 9.
VCmax (molm−2 s−1) 130
−ϕm (molmol−1) 0.072
 a (molm−2 s−1 Pa−1) 1.42
 * (Pa) 4103 (2011) 265–284
6. The Two-Process Theory and Model
Because of the deviation of photosynthesis rates from
Michaelis–Menten model of enzyme reactions, Farquhar et al.
(1980) presented a new theory regarding modeling of C3 photo-
synthesis at the biochemical level. Since these statements are vital
to the theory and critical to this analysis, only direct quotations are
used from the publications with participation of at least one of the
two principal contributors of the theory (Graham D. Farquhar and
Suzanne von Caemmerer).
The theory considered that “two different and independent pro-
cesses” limit the rates of C3 photosynthesis under low and high
partial pressures of CO2 (von Caemmerer and Farquhar, 1981).
Process 1: “Rubisco-limited”
“Assimilation rate is limited by the RuP2 saturated rate of
the RuP2 carboxylase–oxygenase (Rubisco) at low intercellular
p(CO2)” and:
Process 2: “RuBP regeneration-limited”
“By the rateallowedbyRuP2 regenerationcapacity athigh inter-
cellular p(CO2)”.
In order to quantify the theory, von Caemmerer and Farquhar
(1981) used Michaelis–Menten equation (Eq. (10)) for the Rubisco-
limited part of the curve, and an empirical model (Eq. (11)) for the
RuBP regeneration-limited part.
WC =
WCmax(C −  ∗)
C + KC(1 + O/KO)
(10)
WJ =
JmaxI(C −  ∗)
(4.5C + 7 ∗/3)(I + 2.1Jmax)
(11)
von Caemmerer and Farquhar (1981) presented Eq. (12) that is
the derivative of Michaelis–Menten equation (Eq. (10)) at the CO2
compensation point, as the mathematical proof and the basis of
their theory.
dv
dCC= ∗
= VCmax
 ∗ + KC(1 + O/KO)
(12)
According to Farquhar et al. (2001), the model was the subject
of the Ph.D. dissertation of von Caemmerer who had a background
in pure mathematics, and her thesis was published under von
Caemmerer and Farquhar (1981).
Here, an analysis ismade of the two-processmodelwith respect
to its mathematical, biochemical, biological and logical validity.
6.1. Mathematical Validity of Rubisco-Limited Theory
vonCaemmerer andFarquhar (1981) stated that Eq. (12)was the
mathematical–biochemical evidence that supports the hypothesis
of Farquhar et al. (1980) for the limitation of carboxylase enzyme
capacity under low p(CO2). The authors made two critical state-
ments that Eq. (12) suggests that:
(I) Statement 1:
“. . . the initial slope should be linearly related to RuP2 carboxy-
lase activity in the leaf.”, and that:
(II) Statement 2:
“These results are consistent with the hypothesis that CO2
assimilation rate is limited by the RuBP saturated rate of the
RuBP carboxylase–oxygenase at low intercellular p(CO ) . . .”.2
However, statement (1) shows that, since the initial slope of
photosynthesis, that is carboxylation efﬁciency, is linearly related
to VCmax, therefore it is limited by VCmax. This is a correct state-
ment, but it is followed by an incorrect conclusion by the authors
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n Statement 2 that “CO2 assimilation rate” is limited by VCmax. This
quates the initial slope of photosynthesis of Statement 1 with the
ate of photosynthesis of Statement 2. There is no consistency in the
wo statements that the authors claim. This is the founding pillar
f the theory that is biochemically, logically and mathematically
rong, and the wide usage of the model signiﬁes that it has been
idely misleading.
von Caemmerer et al. (2009) stated that the theory and the
odel had not changed since the initial publication by Farquhar
t al. (1980). But, there has been some reorganization in the presen-
ation of the theory by the authors that, if not misleading, have not
een helpful to the readers in understanding the theory. For exam-
le, von Caemmerer et al. (2009) used the two statements of von
aemmerer andFarquhar (1981) in a reverseorder. vonCaemmerer
t al. (2009) stated that:
“The model predicts that CO2 assimilation rate is independent
of irradiance (except at very low irradiance) at low pCO2 where
CO2 assimilation rate is limited by (in this case) fully active
Rubisco, whereas at high pCO2 it is determined by the electron
transport limited rate. This suggested that, the initial slope of the
CO2 assimilation rate vs. pCO2 curve can be quantitatively related
to VCmax as was done by von Caemmerer and Farquhar (1981).”
The above statement has three parts: (1) The independence of
O2 assimilation rate from irradiance is contrary to the experi-
ental evidence because, as shown experimentally in Fig. 9 for
ucalyptus (data of Ogren and Evans, 1993), the rate of photosyn-
hesis increases with, and is dependent upon radiation for all the
hree CO2 levels. Ogren (1993) conﬁrmed the eucalyptus results for
alix plants grown under two radiation levels and each tested for
hree levels of CO2 under different radiation levels. (2) Since pho-
osynthesis responds to changes of CO2 at low pCO2 (Figs. 6–9),
herefore, photosynthesis is not limited by Rubisco, and interest-
ngly, the authors use the Michaelis–Menten equation in response
o CO2 to calculate the variations of the rate of photosynthesis at
ow CO2. If photosynthesis is Rubisco-limited at low CO2, then the
ate of photosynthesis should increase only by increasing Rubisco
upply. (3) The second part of the statement is an incorrect and
isleadingmathematical statement. It doesnot showthat carboxy-
ation rate is limited by VCmax, rather it shows that the initial slope
s proportional to and thus, limited by VCmax, which is the classic
xample in basic biochemistry. Despite the emphasis of Farquhar
t al. (2001), it is not necessary to be a “pure mathematician” to
ee that equating carboxylation efﬁciency with carboxylation rate
s mathematically incorrect.
In their description of limiting factors, Collatz et al. (1990) stated
hat: “the actual rate, of course cannot exceed that of the limiting
tep”. This statement demonstrate that the authors’ understanding
f the deﬁnition of limitation is sufﬁcient to understand that their
ubisco-limited theory is incorrect. Based on this understanding,
he “actual rate” of photosynthesis at low CO2 cannot exceed “that
f the limiting step”, that is Rubisco. Thus, various interpretations
uch as Rubisco-limited=RuBP-saturated (Ruuska et al., 1988; von
aemmerer et al., 2009), or Rubisco-limited is rather limitation of
O2 (Sharkey et al., 2007) is not the right scientiﬁc approach in
ealing with the problem.
Furthermore,when a factor limits a reaction, the rate of reaction
ill not increase except by increasing the supply of that limit-
ng factor (Blackman, 1905; Michaelis and Menten, 1913; Sharkey,
989). Since photosynthesis increases with CO2 from low CO2 to
O2 saturation, the limiting factor for photosynthesis in that CO2
ange is only CO2 andnot Rubisco. Thus, the Rubisco-limited theory
s clearly incorrect.
The second part of the statement concludes that the initial slope
s proportional to VCmax. Again, although it is a fact that initial slope
r carboxylation efﬁciency is proportional to VCmax, no such con-103 (2011) 265–284 275
clusion can be reached from the ﬁrst part of the statement that is
about carboxylation rate. The authors have been using a correct
statement to reach an incorrect conclusion. This statement is also
incorrect and misleading.
According to the authors, when the rate of RuBP regeneration
is limiting, the effect of limitation is reﬂected in the process by
stopping any further increase in the reaction rate and producing
a plateau or maximum in the response curve. This is consistent
with the Blackman law as described by Sharkey (1989). But, when
according to Statement II, assimilation rate is limited because of
the limitation of carboxylation enzyme (or Rubisco) at low CO2
(Farquhar et al., 1980; von Caemmerer and Farquhar, 1981; von
Caemmerer et al., 2009), the rate of reactiondoes not formaplateau
or a maximum at low CO2, which is expected by Blackman (1905)
theory and Michaelis and Menten (1913) model, or envisaged by
Sharkey (1989). On the contrary,
(a) the assimilation rate continues to increase with increasing CO2
concentration and
(b) the assimilation rate increaseswithout increasing the supply of
Rubisco that is the assumed limiting factor.
Farazdaghi and Edwards (1992) and Farazdaghi (2004, 2007)
criticized the two-process theoryandmodel.However,Ruuskaetal.
(1998) and von Caemmerer et al. (2009) altered their deﬁnition of
Rubisco-limited which was a limitation of RuBP-saturated Rubisco
at low CO2 to only RuBP-saturated. Sharkey et al. (2007), perhaps
in response to Farazdaghi (2004) stated that:
“Rubisco-limited does not really mean a limitation of VCmax of
the enzyme, rather it means a limitation of CO2”.
Both of these redeﬁnitions and alterations, which include the
contribution of at least one of the senior architects of the two-
process model, will be discussed later in this paper.
von Caemmerer and Farquhar (1981) used Statement 3 as the
proof of the limitation of RuBP regeneration at high p(CO2).
(III) Statement 3:
Since “CO2 assimilation rate at high p(CO2) could be correlated
with in vitromeasurements of electron transport rate” . . . thus CO2
assimilation rate is limited “by the rate allowed by RuP2 regenera-
tion capacity at high intercellular p(CO2)”
The initial theory and model, and a sample of these changes
to the two-process model will be discussed in the analysis. For
example Sharkey et al. (2007) stated that:
“Rubisco-limited does not really mean a limitation of VCmax of
the enzyme, rather it means a limitation of CO2”.
And, that carboxylation is RuBP-saturated at low CO2 and RuBP-
limited at high CO2 (Ruuska et al., 1998; von Caemmerer et al.,
2009), or more recently Eq. (13) (von Caemmerer et al., 2009)
Wj =
JC
4(C + 2 ∗) (13)
But, themost frequently usedmodel is Eq. (14)with the assump-
tion of constant J.
Aj =
J(C −  ∗)
4(C + 2 ∗) − Rd (14)whereAj is net carboxylation rate at theplateauof theCO2 response
curve. Eq. (14) has been used by, among others, Price et al. (1995),
Bernacchi et al. (2002), Sharkey et al. (2007) and von Caemmerer
et al. (2009).
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. The Convexity Factor
The authors have used the Blackman equation to select themin-
mum of the values (WC and Wc) from Eqs. (10) and (11). But, since
his selection produces a sharp transition from WC to We, they also
dded an empirical parameter called the convexity, or curvature
actor () to provide a smooth transitionbetween the twoprocesses
ccording to Eq. (15). This is contradictory to the “perfect coupling”
uggested by Farquhar et al. (1980).
A2 − A(WC + Wc) + WC · Wc = 0 (15)
Collatz et al. (1990) considered the convexity factor, , a mea-
ure of co-limitation, but after criticisms that two “different and
ndependent” processes cannot co-limit, the authors transferred 
o another equation (Eq. (16)) in which J is related to I in a separate
lackman type empirical function.
J2 − J · (I + J) + I · J = 0 (16)
Buckley and Farquhar (2004) developed an analytical model
imilar toEq. (16) for electron transport systemandprovidedexam-
les to explain the function of the convexity factor, in which 
anged from +1 to −1. However, a range of  =0 to +1 is consid-
red for changes between Michaelis–Menten reactions with full
o-limitation andBlackmanmodelwith no co-limitation. The novel
eature of the treatment by Buckley and Farquhar (2004) is the con-
ideration of values of −1<  <0. However, since a value of  =0
epresents full co-limitation of enzyme and substrate, it is not clear
hat limitation the authors expected beyond a full co-limitation.
. The Biological Validity of the Rubisco-limited Theory
If, based on Statement II of the authors, CO2 assimila-
ion rate is limited by the RuBP saturated rate of the RuBP
arboxylase–oxygenase at low intercellular p(CO2), then the rate
f assimilation cannot increase any further by any other factor
xcept “Rubisco” or “RuBP carboxylase–oxygenase” enzyme. The
ogical consequence of Rubisco limitation at CO2 compensation
oint is that photosynthesis cannot increase beyond this point. This
s contrary to experimental observations, and perhaps the most
isunderstood part of the theory by model users. Contrary to the
heory of Farquhar et al., all available experimental data show the
teepest increase in CO2 assimilation rate above the compensation
oint.
A limitation of “fully active Rubisco” at low CO2, such as the
O2 compensation point that the authors suggest, is biologically
mpossible because it literally means the end of oxygenic life on
he planet. The reason is that if Rubisco is limiting at any CO2 at
he compensation point during daylight, then net photosynthesis
s zero in daylight hours and maintenance respiration is positive at
ight. Then net growth for plants is always negative and oxygenic
ife cannot be maintained or sustained. Of course, life in general
an continue for some microorganisms that are not dependent on
ubisco (Igamberdiev et al., 1999), such as green sulphur bacteria.
von Caemmerer and Farquhar (1981) performed a number of
xperiments to provide support for their Rubisco-limited the-
ry, which assumed Rubisco limitation at low CO2, but they
nly demonstrated the validity of the Michaelis–Menten equation,
hich showed the limitation of photosynthesis at the plateau of
he curve. YetMichaelis–Menten equationwas called the “Rubisco-
imited” equation of Farquhar et al. (1980). The fact that was
verlooked and ignored was the contradiction between the theory,
hich assumed enzyme limitation at low substrate and the princi-
les of both Michaelis–Menten and Blackman that require ‘enzyme
imitation’ at substrate saturation. Clearly, the mathematical error,
hich uses Eq. (12) as the basis of Rubisco-limited theory, has led103 (2011) 265–284
to biochemical and logical discrepancies, which are reﬂected in the
invalid interpretations of the experimental results and new vocab-
ularies such as Jmax, themaximum rate of “RuBP regeneration”. Jmax
and the other aspects of thismodelwill be examined in subsequent
sections of this paper.
8.1. The Biochemical Conﬂicts of the Two-Process Theory
von Caemmerer and Farquhar (1981) wrote: “CO2 assim-
ilation rate is limited by the RuP2 saturated rate of RuP2
carboxylase–oxygenase at low intercellular p(CO2) and by the
rate allowed by RuP2 regeneration capacity at high intercellular
p(CO2)”.
Based on the order of reaction in the biochemical pathway of
carboxylation reaction, Rubisco binds with RuBP ﬁrst, to produce
E-enediol (Enco), in the ﬁrst step of reaction then Enco captures
CO2 in the second step of reaction and produces PGA (Calvin, 1954;
Farazdaghi and Edwards, 1988; von Caemmerer, 2000; Andersson,
2008; Farazdaghi, 2009; von Caemmerer et al., 2009). Obviously,
when enediol reaches a limit, the rate of reaction stops at that
limit. In the statements quoted above from von Caemmerer and
Farquhar (1981), limitation of either of the two processes of the
model (Rubisco reaction and RuBP regeneration) lead to the limi-
tation of the ﬁrst step of CO2 assimilation that is the synthesis of
Enco, the enzyme for carboxylation and oxygenation, i.e.:
(I) a limitation of “RuP2 carboxylase” (Rubisco) leads to a limita-
tion of enediol at low p(CO2), and
(II) a limitation of “RuP2 regeneration” at high p(CO2) also leads to
a limitation of enediol.
Therefore, enediol is limiting under both low and high p(CO2),
with no photosynthesis and response to p(CO2) at any CO2
concentration above compensation point. Despite the use of
Michaelis–Menten for the response to CO2 in themodel of Farquhar
et al. (1980), the theory only discusses low p(CO2) and high p(CO2),
without identifying the steps in between and how CO2 is related
to RuBP or RuBP related to Rubisco. Obviously, in the two inde-
pendent processes of the theory, there is no second step for the
reaction of enediol with CO2 and without that there would be no
photosynthesis, and no life again.
A further mathematical examination of Michaelis–Menten
equation (Eq. (10)) used by the two-process model demonstrates
that if both the numerator and the denominator are divided by
CO2, and let CO2 approach saturation (physical inﬁnity), the rate of
reaction, Wc, approaches VCmax, i.e. enzyme is limiting at CO2 sat-
uration. Therefore, the model used by the authors disproves their
own theory. But, if we let CO2 = *, the rate of reaction will be zero,
indicating CO2 limitation. Similar examinations of the Blackman
type models of Thornley (1976), Prioul and Chartier (1977), or even
Eqs. (10) and (15) that are used by the authors, are consistent with
enzyme limitation at high CO2 concentration.
This shows that the two-process theory is scientiﬁcally wrong
and its model cannot be relied upon. The equations of the two-
processmodel are contradictory to and incompatiblewith the two-
process theory. The theory itself contradicts the relevant principles
in mathematics and biochemistry, and is in conﬂict with principles
of modeling no matter whether we choose Michaelis–Menten or
Blackman principles.
8.2. The Biological Evidence Does Not Support a Rubisco-Limited
Theory
The last and the most powerful claim for conﬁrmation of the
model came from the area of genetic engineering in the manipu-
lation of antisense tobacco plants. Ruuska et al. (1998) found that,
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n contrast to the responses of wild type tobacco plants, the CO2
esponses of antisense plants with genetically reduced Rubisco did
ot deviate from Michaelis–Menten equation at high CO2 as the
O2 responses of wild type plants did. About this discovery, von
aemmerer (2000) writes:
“This provides unequivocal evidence that the CO2 assimilation
rates at high CO2 partial pressures and high light are limited by
the supply of RuBP.”
Adding this genetic document to the previous mathemati-
al proof and experimental validation, gave the model increased
cceptability such that Whitney et al. (1999) used it to suggest
hat, because of their lower steady state plateau, tobacco and sim-
lar plants be discarded from any research on Rubisco. The cause
f this suggestion was the deviation of the CO2 response curves
f these plants from Michaelis–Menten curve when the maxi-
um rate of photosynthesis reached a relatively low value of
2–24molm−2 s−1. They write:
“Since photosynthesis in control plants becomes limited by
ribulose-P2 regeneration above 300bar CO2 (Fig. 6A), these
plants are not suitable for measurement of wild-type Rubisco’s
kinetic properties in vivo”.
Of course theadvantageof a scientiﬁcmodel is tomake suchpre-
ictions and conclusions that determine the direction of research,
ut the result may be more harmful and even dangerous if the
onclusions are based on a wrong theory and invalid model.
. Other interpretations of Rubisco-limited theory
.1. Rubisco-limited =RuBP saturated
Ruuska et al. (1998) made the unexpected statement in the
bstract of their article that “Rubisco-limited=RuBP saturated”.
here was no further explanation, substantiation or follow-up
n the text. A similar brief mention of the mathematical proof
f the two-process theory too was given in the abstract of von
aemmerer and Farquhar (1981), inwhich carboxylation efﬁciency
as equated with carboxylation rate. However, von Caemmerer
t al. (2009), among other things, gave a new deﬁnition for the two
rocess theory that: carboxylation rate is either RuBP saturated
or steep part of the CO2 response curve, or RuBP-regeneration-
imited at the plateau of the curve. The logical conclusion from this
eﬁnition is that Rubisco and CO2 have no role to play here and
O2 assimilation rate is only deﬁned by RuBP concentration. These
tatements are counterproductive in that they provide no further
xplanation of the photosynthesis model. According to Blackman
1905), which has been used by von Caemmerer and Farquhar
1981) and reafﬁrmed by Sharkey (1989), the basis for determi-
ation of a limitation is evaluation of the hierarchy of the limiting
actors that determine the rate of reaction. In the case of carboxyla-
ion, as stated by Farazdaghi (2009), the hierarchy is in the opposite
irection of the order of reaction. Since Rubisco binds with RuBP ﬁrst
nd CO2 next, the limitations should be established by CO2 ﬁrst,
uBP next and then Rubisco to see which one is limiting the rate
f reaction, not vice-versa. Therefore the suggestion that Rubisco is
imiting because RuBP is saturating, which appears to be the logic
f Ruuska et al. (1998) and von Caemmerer et al. (2009) is logically
nvalid, because of putting the limitation in the reverse order..2. Rubisco-limited =CO2 limited
Sharkey et al. (2007), perhaps in response to the criticisms of
arazdaghi (2004) concerning the Rubisco-limited theory, made
he following correction, but openedanother problematic question.103 (2011) 265–284 277
They stated that:
“Rubisco-limited does not really mean a limitation of VCmax of
the enzyme, rather it means a limitation of CO2”.
These authors did not elaborate onwhy then it is called Rubisco-
limited, andnotCO2 limited, orwhetherRuBP regeneration-limited
alsomeans something else limited. The remarkably different expla-
nation that “. . . rather it means a limitation of CO2” was not
reconciled with the statements of Farquhar et al. (1980) and von
Caemmerer and Farquhar (1981) that “CO2 assimilation rate is lim-
ited by the RuBP saturated rate of the RuP2 carboxylase–oxygenase
at low intercellular p(CO2)”. Subsequently, the CO2 limited of
Sharkey et al. (2007) changed again to “Rubisco-limited=RuBP-
saturated” by von Caemmerer et al. (2009).
10. The RuBP Regeneration-Limited Model
One of the two processes of Farquhar et al. (1980) is the
regeneration of RuBP in the Calvin cycle that is independent of car-
boxylation, but somehow determines its maximum steady state
velocity through Jmax. Although Jmax is assumed to be the max-
imum rate of RuBP regeneration (von Caemmerer and Farquhar,
1981), but remains unclear after three decades of research. von
Caemmerer (2000) and von Caemmerer et al. (2009) have cal-
culated energy of activation of Jmax. In addition, Buckley and
Farquhar (2004) have also provided a mathematical treatment
which extends the value of the convexity factor to new frontiers
of co-limitation with  =−1. An analysis of some aspects of the sig-
niﬁcance of the RuBP regeneration model of Farquhar et al. (1980)
is presented in the following section.
10.1. The Interdependence of the Two Processes of Farquhar et al.
The model of Farquhar et al. (1980) uses Eq. (10) to ﬁnd WC and
Eq. (11) or a constant J in Eq. (14) or even a variable J in Eq. (16),
for RuBP regeneration and then uses the results of these two in Eq.
(15). The output of this operation represents the net velocity of a
two substrate ordered reaction (von Caemmerer, 2000), in which
RuBP binds ﬁrst with enzyme, and the resulting enediol binds next
with O2 or CO2 in competition.
The biochemical equations provided for the properties of
Rubisco (Farquhar et al., 1980; Collatz et al., 1990) included a trans-
formation step for enolization of RuBP that is acceptable and the
result is called Enco here in order to avoid any confusion. But, the
mathematical transformation of the theory to the model is based
on: (1)misinterpretation of the basic kineticmodel of enzyme reac-
tion (Michaelis–Menten equation), suggesting enzyme limitation
at low substrate levels, which is contrary to the enzyme theory
and experimental evidence; (2) misinterpretation of experimental
data to suite the two-process theory and (3) using mathematically
correct arguments and concluding false results.
In this section we explore whether the mathematical equations
reﬂect the biochemical relationships discussed by the authors. We
observe the following:
(i) Eq. (10) is a single substrate co-limiting model, between the
second substrate, CO2, and the enzyme. In the two-process
theory, CO2 was absent and was only mentioned as “low CO2”
and “high CO2” and nothing in between. In the corresponding
model, RuBP, which is the link between EPGase (Rubisco), and
CO2, is missing from the model. Instead, it enters the model
through an independent equation, to regenerate RuBP after its
consumption by Rubisco. This poses an inconsistency, since
the reaction rate is related to the RuBP that is available to be
used in the reaction not to the RuBP to be regenerated for
2 stems 103 (2011) 265–284
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Fig. 10. A reconstruction of the graphical presentation of the two-process theory by
Sharkey et al. (2007) in segments AB=Rubisco-limited and BF=RuBP regeneration-78 H. Farazdaghi / BioSy
the subsequent reaction. But, if we assume RuBP-saturated
steady state reaction, which is what the authors apparently
consider, and certainly it is the perception of the vast number
of the model users, then the model becomes a single process
model. Consequently, Rubisco-bound RuBP (enediol) captures
CO2, produces PGA, and under steady state conditions RuBP
that is used must be regenerated through triosephosphate and
RuBP regeneration pathways. The key here is the steady state
condition, since if there is any limitation in RuBP regeneration
it will be adjusted in the transitional phase and a new level of
equilibriumwill be reached duringwhich the RuBP that is used
must be reproduced.
(ii) RuBP regeneration was initially based on Eq. (11), then the
selection between the values of WC and We was left to the
Blackman type empirical function of Eq. (15) with the convex-
ity factor . RuBP regeneration was changed over the years,
to Eqs. (13), (14) and (16), which were among the collection
of equations in Appendix A of von Caemmerer and Farquhar
(1981).
The equation used by Collatz et al. (1990) for RuBP regen-
eration was a linear function of radiation which included
the quantum efﬁciency of the reaction, similar to Farazdaghi
and Edwards (1988), but with the exclusion of light satura-
tion. However, experimental evidence has been in favour of
the existence of light saturation and not a linear relationship
(for example, see Ku and Edwards, 1977; Taylor and Terry,
1984; Ogren and Evans, 1993). In addition, since the condi-
tion for in vivo steady state is that the consumed RuBP also
be regenerated, therefore, regeneration of RuBP is transparent
to the model unless there is a feedback through accumu-
lation of PGA, resulting in a slower release of Rubisco, at
which time the reaction will become insensitive to any fur-
ther increases in CO2 or radiation. The problem of using a
separate equation for the RuBP, independent of its reaction
with Rubisco is in conﬂict with the accepted view of a two-
substrate ordered reaction for Rubisco, that is a single-process
reaction.
iii) Eq. (15) of the model, without the empirical coefﬁcient , con-
veys the view of Blackman (1905) and selects the minimum
(or maximum) of two numbers (We or J, and WC), and does not
have any speciﬁc kinetic parameter. Rather, the kinetic char-
acteristics are imported through the values of We and WC. The
introduction of an empirical coefﬁcient into Eq. (15), or for that
matter, into Eq. (16), results in an arbitrary adjustment of the
values of WC and We for the outputs, simply for the purpose
of curve ﬁtting. Even without questions about the principles
underlying the model, the necessity of adjustment of the out-
puts by an empirical coefﬁcient demonstrates a shortcoming.
Collatz et al. (1990) stated that the convexity factor  is a
measure of a small co-limitation between the two processes.
However, two processes can co-limit only through a common
thread, and in the case of the Rubisco reaction, co-limitation
of enzyme and substrate is through the enzyme–substrate
complex that is inﬂuenced by the concentrations of both the
enzyme and the substrate. In this case, co-limitation contra-
dicts independence, and the two processes either cannot be
independent or the co-limitation introduced through the con-
vexity factor in the model is mathematically invalid. Since the
data shows theneed for the convexity factor, therefore, the two
processes loose their independence and should be regarded as
a single process.0.2. The Dependence of Carboxylation on J
von Caemmerer and Farquhar (1981) deﬁned their theory on
he basis of “two different and independent processes”; one thatlimited, the carboxylation rate responds to CO2 concentration and only in the
last segment, dash/dot line =TPU limited the response to CO2 concentration is
unchanged. Data from Sharkey et al. (2007). The ﬁgure is reconstructed based on
the instruction of the authors.
governs the steep part of the response curve (Rubisco-limited)
and the other that determines its plateau (RuBP-regeneration-
limited). Here we examine their most recent version of the
RuBP-Regeneration-limited model. von Caemmerer et al. (2009)
extended their derivation of Eq. (14) by substituting Wj from Eq.
(13), for carboxylation, VC, to get Eq. (17) (Eq. (9.6) of the authors).
A =
(
1 − 
∗
C
)
VC − Rd (17)
In order to simplify the comparison, Eq. (18) iswritten assuming
that both  * and Rd are zero.
VC = A = Aj =
J
4
(18)
Eq. (18) shows that, rightly, J is directly proportional to VC, as
in other single-process models such as Farazdaghi and Edwards
(1988), but this invalidates the assumption of independence of the
two processes and the two-process model. In this case then, J is
dependent on both VCmax and CO2 and the independence of the
two processes considered by Farquhar et al. (1980) is not valid. The
fact is that by separating RuBP input to Rubisco and calling it J, and
assuming that it is independent of Rubisco reaction, would neither
make it separated nor independent of carboxylation reaction, no
matter what the hypothesis is. Biochemically, the second step of
this ordered reaction is dependent on the ﬁrst step in transitional
reaction, but in the steady state reaction the release of enzyme for
the ﬁrst step is dependent on electron transport system for the
removal of PGA.
An important and necessary condition for the existence of lim-
itation based on Sharkey (1989) is the observation of a maximum
velocity. In contrast to this expectation, as shown in the example
of Sharkey et al. (2007), the rate of reaction increases with CO2
while the limiting factor is considered to be RuBP regeneration (see
Fig. 10).
This is contrary to Blackman law and inconsistent with the the-
ory of Farquhar et al. (1980) that considers RuBP limitation at the
plateau of the response curve.Fig. 10 shows the authors’ experimental data and ﬁtted model
for the limitations of Rubisco, RuBP regeneration and TPU. It is
observed that as CO2 concentration increases from point D to point
E, the rate of photosynthesis also increases. This shows that in this
range too, CO2 is the limiting factor not RuBP regeneration. But,
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he curvature of BF segment of Fig. 10 is the result of co-limitation
f the enediol enzyme complexes (ER*) from the ﬁrst step of the
eaction, and ER*C to EP complexes of the second step. The ﬁrst
tep is dependent on E and RuBP, and the second step releases
roduct, PGA, and E. The presence of E in the enzyme–substrate and
nzyme–product complexes of both steps makes them mutually
ependent and colimiting. Factors that inﬂuence the processing of
GA, such as the recycling of inorganic phosphate, have feedback
ffects on the second step for the release of E. The TPU of Sharkey
t al. (2007) can have such effect. One of the puzzling questions
bout Fig. 10 is that, when TPU is limiting the rate of reaction
tops increasing, but when either Rubisco or RuBP-regeneration
s limiting the rate of reaction continues to increase, NOT with
ncreasing the supply of the limiting factor, BUT with increasing
he supply of CO2. Such duality cannot be accepted from a scientiﬁc
odel and these dynamics are not consistent with this method
eing called “mechanistic” (von Caemmerer et al., 2009) and the
laims that the two-process model is “The most frequently used
ethod for “understanding” how C3 photosynthesis responds to
. .” by Sharkey et al. (2007) are based on a misunderstanding of
3 photosynthesis and limitation principles.
0.3. The Validity of Jmax as the Maximum Limit of RuBP
egeneration
Jmax is a hypothetical parameter that has been used in an empir-
cal model for RuBP regeneration. If Jmax is the factor that cuts
hrough the A/Ci response curve of the “Rubisco-limited” reac-
ion with a colimiting smooth curvature, then it should have the
ame biochemical composition as the carboxylation, or in techni-
al terms, the same currency. This suggests that RuBP, whether
t is initially available, or subsequently regenerated, should work
hrough the reaction with Rubisco (EPGase) ﬁrst and CO2 next.
hus, a limitation of RuBP, whether we call it J or Jmax, causes
limitation of the ﬁrst step of reaction, that is the synthesis
f enediol carboxylase/oxygenase (Enco). If there is any limita-
ion in RuBP, it is reﬂected in Enco, in a single process that can
e modeled either as a single step (van Bavel, 1975; Farazdaghi
nd Edwards, 1988), or as a two-step reaction (Farazdaghi, 2004,
009). In either case, there is no scientiﬁc basis for the two-process
heory that includes a Rubisco-limited part and a hypothetical
max.
The attention that had been placed on Jmax encouraged
any researchers to look for the candidate entities that can ﬁll
he place of this important parameter in the Farquhar et al.
1980) model. Several attempts and interpretations followed
uch as:
(a) Collatz et al. (1990) excluded Jmax from their equation for elec-
tron transport requirements of RuBP regeneration and used a
linear function for electron transport. However, the quantum
requirement of the model is not limited to that of RuBP regen-
eration.
b) Evans and Farquhar (1991) used the equation of “Mehler reac-
tion” as their model of choice for electron transport with a
plateau of Jmax. But, Ruuska et al. (2000a) announced that
there was “little evidence for Mehler reaction”. Heber (2002)
conﬁrmed the results of Ruuska et al. (2000a,b) for C3 photo-
synthesis. This evidence indicates that the modeling efforts of
Evans and Farquhar (1991) did not help settle the problems of
the second process in Farquhar et al. (1980) model.(c) Wullscheleger (1993) analyzed the data of carboxylation of
109 C3 species and found that contrary to the assumption of
Farquhar et al. (1980), Jmax and VCmax are not independent
parameters. This was in conﬂict with the independence of the
two processes of the model. A unique response from the mod-103 (2011) 265–284 279
ellers was that thereafter Jmax was taken as a constant portion
of VCma. This does not make the two parameters independent.
(d) In search of Jmax, Price et al. (1995) considered GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), the enzyme for
triose-phosphate pathway, was the Jmax. The results did not
conﬁrm their hypothesis. The authors stated that “We con-
cluded that chloroplastic GAPDH activity does not appear to
limit steady-state photosynthetic CO2 assimilation at ambient
CO2”.
(e) Experimental evidence provided by both Price et al. (1995)
and Ruuska et al. (2000b) clearly demonstrate that when
the response of photosynthesis to CO2 deviates from the
Michaelis–Menten curve, the concentration of RuBP is satu-
rating, and remains or surpasses that level (super-saturation).
For example, in search of Jmax, Price et al. (1995) examined
the variation of GAPDH, in antisense tobacco plants. A com-
parison of Fig. 3A and D of the authors reveals that, while the
rate of assimilation deviates from Michaelis–Menten curve at
around 7molm−2 s−1 GAPDH, the size of RuBP pool continues
to increase linearly until triple that amount of GAPDH.
(f) Harrison et al. (1998) and thereafter Lefebvre et al. (2005)
considered SBPase, another enzyme of the RuBP regeneration
pathway, as a possible target for Jmax. They showed that posi-
tive or negative changes in SBPase produced similar responses
in photosynthesis, which made this enzyme a strong candidate
for consideration as Jmax. However, if SBPase is accepted as the
controller of Jmax, then the energy used for its activation and
reaction is far less, and cannot match, the total energy that
is used in the RuBP-regeneration equation of Farquhar et al.
(1980). von Caemmerer et al. (2009) stated that none of the
enzymes in RuBP regeneration pathway could be considered as
Jmax.
(g) Laisk et al. (2002) gave the following comment about the com-
plexity of Jmax as the maximum rate of “electron transport”,
which is different from the maximum rate of “RuBP regenera-
tion”. They write:
“. . . for example, themaximume-transport rate Jmax may be
determined by the abundance of Cyt b6f complex, but the
turnover rate of the complex is feedback-controlled . . . that
itself is a function of rate-limitations downstream. . . .”
(h) von Caemmerer et al. (2009) still provided an equation for vari-
ations of Jmax with temperature, which included the “energy of
activation” for this unknown and hypothetical parameter.
Therefore, it is clear that the two-process model is widely used
because of the unfounded claims about its scientiﬁc validity and
the scientiﬁc authority established by its authors. The two most
intriguing assumptions of the theory have been the limitation of
Rubisco at low CO2 and independence of photosynthesis from radi-
ationexcept for thevery low irradiance levels. Thismighthavebeen
a signiﬁcant impediment to theprogress of this very importantﬁeld
of research.
11. General Discussion and Conclusions
The single-process theory of the EPGase (Rubisco) reaction
considers that the activated enzyme reacts with RuBP ﬁrst, pro-
ducing enediol-enzyme complex (Enco), in the ﬁrst step of the
reaction, and in turn reacts irreversibly with CO2 or O2 in the
second step. The carboxylated enediol leads to the formation
of other enzyme–substrate intermediate complexes (3-keto-
carboxyarabinitol 1,5-bisphosphate that transforms to gemdiol),
undergoes carbon–carbon cleavage and the release of enzyme (E)
and product (PGA). Although there are smaller steps in each of
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he above-mentioned two steps, the sequentially ordered nature of
hese steps forces them to act as single larger steps. Under steady
tate conditions the reaction rate is determinedby the slower of the
wo steps or the rate-determining step (RDS), since the rate of each
tep is proportional to the concentration of the enzyme–substrate
omplex of that step, the rate of each step can be limited by either
f the components, the substrate, or the available enzyme for that
tep. When free enzyme is available in the medium, the reaction
hat is faster can be completed sooner and is not limiting the rate
f reaction (single substrate limitation). As long as the substrate
oncentration of the faster step is not limiting, its potential rate is
imited by the concentration of the enzyme that can be available
o it (i.e. total concentration of enzyme minus the component of
nzyme that is engaged in the slower step). This creates a mutual
r co-limiting condition that can intensify as the concentration of
imiting substrate increases and results in a reduction in the con-
entration of free enzyme. When both substrates are present at
aturation levels, no free enzyme can exist in the medium, thus the
otal concentration of enzyme that is distributed between the two
teps will be the limiting factor.
The initial transitional reaction rate (single turnover) however,
s only a single step reaction, since the total enzyme participates
equentially in each step, up to the release of product and enzyme.
his is deﬁned by the Michaelis–Menten equation. Two types of
nterrelated equations are presented, one for the limitation of each
tep, Eq. (5) for the ﬁrst step and Eqs. (6) and (7) for the second
tep. When carboxylation responds to light, the removal of PGA
nd the release of E is energy-limited, and the limitation of enzyme
s reﬂected in the ﬁrst step of the reaction. When it responds to
dditional CO2 positively, it is CO2-limited and the limitation is in
he second step. When carboxylation does not respond to light, the
imitation is in the second step, either CO2, or other factors in the
alvin cyclemay be limiting.When CO2 is saturating, the limitation
s related to Rubisco, but it can also be inﬂuenced by product and
eedback inhibitions (Sun et al., 1999) or regulatory factors such as
ubisco activase (Portis et al., 1995; Salvucci and Crafts-Brandner,
004).
The relationships between the transitional and steady state
eactions were discussed with the biochemical reactions of
igs. 1 and 3 and Eqs. (5)–(7) with the experimental and graph-
cal relationships of Fig. 2. It was established that the transitional
eaction startswith a trigger of light through EPGase (Rubisco) acti-
ase for separation of RuBP and sugar phosphates from EPGase, its
arbamylation and addition of metal (Mg2+), reaction with RuBP
nd biosynthesis of Enco. Enco is consumed with the capture of
O2/O2 and ﬁnally produces PGA that should be released from E.
ut, the continuation of the process toward steady state is through
he engine of Calvin cycle that consumes PGA through triosephos-
hatepathway. Thegeneral formulationof the twostepsof reaction
an be written as follows:
V
VCmax
)2 (˛1Kr
R
+ (1 + ˛2)KCa
C
)
−
(
V
VCmax
)
×
(
1 + ˛1 + ˛2 +
Kr
R
+ KCa
C
)
+ 1 = 0 (19)
here the apparent Michaelis constant for CO2 is:
Ca = KC
(
1 + O
KO
)
(20)In Eq. (19) the velocity of reaction is primarily determined by
ither RuBP or CO2, whichever is limiting the reaction rate, while
he non-limiting substrate (physical inﬁnity), sets the maximum
elocity of the reaction. Eq. (19) can also be used in step-by-step
hanges of the limiting factor in multi substrate ordered reactions.103 (2011) 265–284
Eq. (19) can bewrittenwith respect to radiation, I, and C as follows”
V2
VCmax
(
˛1
ϕaI
+ 1 + ˛2
CaC
)
−
(
V
VCmax
)
×
(
1 + ˛1 + ˛2 +
VCmax
ϕaI
+ VCmax
CaC
)
+ 1 = 0 (21)
When CO2 is not limiting, Eq. (21) reduces to Eq. (5), and when
radiation is not limiting, it reduces to Eq. (6). Eq. (21) is an elegant
representation of a two-substrate ordered equilibrium reaction,
with rate-determining step for each substrate and normalized rel-
ative to VCmax. For the limitation of radiation in the second step, Eq.
(21) can be used with non-limiting radiation for Step 1, and I be
replaced for C in Step 2 to get Eq. (7).
A hypothesis is postulated here which considers that Calvin
cycle is controlled and fed by two equally important input sources:
(1) PGA from EPGase (Rubisco) and (2) energy (ATP and NADPH)
from electron transport system. The inputs from these two sources
enter, non-reversibly, into the triosephosphate pathway, thus their
supply rate has controlling effect on this pathway. Likewise, a
limitation of triosephosphate pathway has regulatory feedback
effects: (1) on the reactions of EPGase through product inhibi-
tion by PGA, regulation of Enco and dead end limitation by RuBP
(Farazdaghi, 2004, 2009) and (2) on the light reactions of photo-
synthesis via regulation of ATP synthase and Pi (Kiirats et al., 2009,
2010).
The validation of the single-process model of EPGase (Rubisco)
reaction has been performed exclusively with well-established
published datasets, so that the reader can concentrate on the
model itself, free from the complexities of experimental methods.
In response to light, the release of EPGase and the removal of PGA
are limited either by energy, or when the response is insensitive to
light, the limitation shifts to the second step. However, the limita-
tion of the second step is more complex, it may be due to CO2 or
other factors in the Calvin cycle that can cause feedback limitation
of enzyme through PGA. The cases of CO2 limitation in step 2 were
tested in Figs. 2, 6 and 7 and Figs. B1, B2 and B3.
The model was validated for changes of carboxylation rate with
CO2 supply under low oxygen levels (Fig. 2) and different CO2 lev-
els with normal and enriched growth CO2 (Fig. B1) for C3 Trifolium
repens, and for C4 sorghum, in Fig. B2, and a PEPC mutant in Fig. 6.
The equilibrium between the two steps was explored and tested
for two species, each with two different temperatures in Fig. 7,
and for A. retroﬂexus, a C4 plant, under four temperature levels,
in Fig. B3. Furthermore, the response of carboxylation to irradi-
ance with a change in RDS at the plateau of the response curve was
tested for tobacco plants in Fig. 8. The responses to light were also
tested for apple leaves with six different leaf nitrogen contents in
Fig. B4.
The model was also tested for the combined effect of radia-
tion and CO2 for a C3 Eucalyptus plant. The results were shown in
Fig. 9. Other examinations were made with a larger number of data
sets, the results of which are not included in this report (e.g. von
Caemmerer and Farquhar, 1981; Paul and Foyer, 2001; Whitney
et al., 1999; Ogren, 1993). It was shown that, the inﬂuence of the
factors that affect photosynthesis through inputs, or outputs (feed-
backs) could be described through their inﬂuence on the kinetic
parameters of EPGase (Rubisco). Thus, the data on the kinetics of
EPGase plays a key role in genetic manipulation of plants, micro-
climatic management models of crop production, and prediction
of the climate changes through estimation of the variations in the
global carbon cycle.
A large number of interacting factors inﬂuence electron trans-
port system (e.g. Whitney et al., 1999; Paul and Pellny, 2003;
Kiirats et al., 2010) and may interact either with the activation
state of EPGase directly through the Step 1 of the reaction or
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hrough feedback from the Step 2. These include the hereditary
ndenvironmental growthconditions that inﬂuence the strengthof
etabolite sinks, particularly through recycling of inorganic phos-
hate, Pi (Paul and Foyer, 2001). The most interesting evidence
omes from Parry et al. (1999) who noted that: “Rubisco activ-
ty is regulated to match the capacity of the leaf to regenerate
uBP” (Parry et al., 2002, 2003), and Portis et al. (1995) who found
hat subsaturation of RuBP “promotes inactivation of Rubisco”.
hese ﬁndings are consistent with the single process model pre-
ented here, which states that both the removal of PGA for RuBP
egeneration pathway, and the release of enzyme for steady state
arboxylation are the same process, and controlled through radia-
ion; or in fact, they are two sides of the same coin. Furthermore,
he real carboxylationenzyme is E-enediol notRubiscobeforebind-
ng with RuBP. Therefore, it is important to correct the erroneous
oncept conveyed by the two-process model that photosynthesis
s “Rubisco-limited” at low CO2 and ‘RuBP regeneration-limited”
t high CO2, which results in a limitation of the real carboxy-
ase/oxygenase enzyme (enediol) and no photosynthesis at either
ow or high CO2.
It is suggested to consider enediol carboxylase/oxygenase
Enco) as the primary enzyme of photosynthesis, which is syn-
hesized in light and then captures CO2 or O2, and is used up in
he process of product (PGA) formation and release. Before the
ynthesis of enediol, Rubisco is neither carboxylase nor oxygenase.
he Michaelis–Menten equation describes the initial transitional
ate of reaction with CO2. When the stored RuBP is separated from
ubisco with the help of EPGase (Rubisco) activase, EPGase is car-
amylated, and reacts with its co-enzyme, RuBP, to produce Enco.
n this way, limitations of EPGase, RuBP input or regeneration, and
lectron transport all result in the limitation of enediol carboxy-
ase/oxygenase (Enco). Enco is logically and biochemically more
ccurate, makes the real enzyme distinguishable, and the reaction
rocess readily understandable.
This new model provides an appropriate assumption that car-
oxylation is limited by either enediol carboxylase/oxygenase
Enco) or CO2. This either/or requirement enforces the rate-limiting
tep under the same enzyme (single-process) anddifferentiates the
odel from Michaelis-Menten type (single-step) or two-process
odels. The enediol enzyme (Enco) is limited by either EPGase or
uBP. Of course factors like EPGase (Rubisco) activase that play a
ole in carbamylation and activation/stabilization by Mg2+ and a
ost of other factors have their important parts to play. This model
lso has a strong base for mechanistic extensions to include the
ffects of temperature and other regulatory or interacting param-
ters into the equations.
Ananalysishasbeenmadeof the two-processmodel of Farquhar
t al. (1980) The theory of the two-process model is based on
hree main assumptions, plus an auxiliary convexity factor. (i)
he Michaelis–Menten equation describes the steady state RuBP
aturated rate of carboxylation (with O2 competition). (ii) Any
eviation from the Michaelis–Menten model is associated with a
imitation of RuBP regeneration. (iii) The regeneration of RuBP is
imited by a yet unidentiﬁed, but independent Jmax that is exter-
al to Rubisco reaction. (iv) An empirical convexity factor should
e used to provide a smooth transition from the steep part of
he curve (Rubisco-limited) to the plateau of the curve (RuBP
egeneration-limited). The authors have never explained the dual-
ty of their treatment of limitation for Rubisco-limited where the
eaction rate continues to increase despite the limitation, and RuBP
egeneration-limited case where the rate of reaction stops increas-
ng and produces a plateau. No experimental evidence has ever
een presented to support any of the above assumptions. The
rst assumption is not consistent with the experimental evidence
rovided by Laisk (1985), Laisk and Oja (1998) and Ruuska et al.
1998) with the co-authorship of S. von Caemmerer. These authors103 (2011) 265–284 281
showed that, Michaelis–Menten equation applies only to the tran-
sitional rate and the steady state carboxylation rate signiﬁcantly
deviates from Michaelis–Menten and attains a maximum veloc-
ity (Vmax) that is about 30–50% of the maximum transitional rate
(VCmax).
The second assumption is in direct conﬂict with the exper-
imental evidence provided by Price et al. (1995) again with
co-authorship of S. von Caemmerer, who showed that, in wild type
(WT) tobaccoplants,when the rate of photosynthesis deviates from
Michaelis–Menten curve, the concentration of RuBP is very high.
Indeed, based on the RuBP saturation level established by antisense
GAPDH deﬁcient plants, the RuBP level of WT tobacco plants seem
to be supersaturated at the plateau of the CO2 response curve. von
Caemmerer (2000) chooses a differential behaviour of a plant with
a genetically modiﬁed Rubisco that contradicts the above results,
to support the “Rubisco-limited” hypothesis. However, this fact is
overlooked that if Rubisco is limiting at CO2 compensation point,
no photosynthesis should be observed beyond that point, which
contradicts experimental observations, and at its logical conclu-
sion results in no oxygenic life on the planet. The Rubisco-limited
interpretation of the authors cannot help the direction of research
in the genetically modiﬁed plants.
With regard to the third assumption, no independent Jmax has
ever been reported in nearly three decades to share the control of
carboxylation with Rubisco. On the contrary, Wullscheleger (1993)
found a linear relationship betweenVCmax and Jmax for 109different
C3 species, which suggests that EPGase (Rubisco) has the supreme
control over the carboxylation rate. A re-analysis of the same data
with adjustments for temperature differences by Leuning (1997)
conﬁrmed the ﬁndings of Wullschleger with a higher correlation
coefﬁcient that added reliability to the ﬁndings. Meanwhile, J and
Jmax have undergone frequent modiﬁcations and re-adjustments.
Such modiﬁcations include an empirical electron transport equa-
tion (von Caemmerer and Farquhar, 1981, Fig. 1b, and Eq. (A14)), a
linear equation (Collatz et al., 1990), the equation of Mehler reac-
tion (Evans and Farquhar, 1991), and a constant J to test only one
set of an extensive data set (Price et al., 1995).
The convexity factor also has been shown to vary signiﬁcantly
from one set of data to another (Ogren and Evans, 1993; Ogren,
1993), and may have interactions with either the substrate level
or Vmax (Leverenz, 1987). de Pury and Farquhar (1997, Eq. (5)),
and von Caemmerer (2000, Eq. (2.15)) have used a convexity
factor for the electron transport equation. Collatz et al. (1990)
considered the use of the convexity factor to bridge the gap
between Rubisco-limited and RuBP regeneration-limited curves
of CO2 assimilation, which, as mentioned before, is contradic-
tory to the “perfect coupling” suggested by Farquhar et al. (1980)
and is contrary to the independence of the two processes. Collatz
et al. (1990) suggested that the convexity factor, , is a measure
of co-limitation. But, Buckley and Farquhar (2004) produced a
response curve with a convexity factor  =−1, that seems rather
strange by any standard, since according to the same authors, for
the Michaelis–Menten equation with the highest co-limitation the
value of  is zero.
Aside from the theory and the model, it has been shown here
that, contrary to the prevailing perceptions the two-process model
of Farquhar et al. (1980) cannot function as an integrated model
(Farazdaghi, 2004, 2007, 2009). Variations in the convexity factor
did not remedy theproblem in the cases examined. An examination
of the data and the simulations of von Caemmerer and Farquhar
(1981) and von Caemmerer (2000) demonstrated that the model
has had serious issues since its inception (Farazdaghi, 2009) that
could not have been remedied by frequent modiﬁcations.
The two-process theory has deviated so much from the scien-
tiﬁc principles of limitation and limiting factors of Blackman (1905)
that an entire range of CO2 responses that is the steep part of CO2
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esponse curve is considered Rubisco-limited. This is despite the
act that according to Sharkey (1989), when there is a limitation
maximum velocity should be observed, and the rate of reaction
hould not increase without increasing the supply of the limiting
actor (Collatz et al., 1990). von Caemmerer (2000) writes:
“In C3 plants exposed to optimal temperature and saturating
light, the rate of net CO2 assimilation (A) at CO2 levels below the
current ambient partial pressure of 370bar is typically limited
by the capacity of Rubisco; by contrast, above 370bar, one
of the processes contributing to the ribulose-1,5-bisphosphate
(RuBP) regeneration capacity typically limits A.”
This is despite the fact that in the same article the authors
tate that Rubisco is either RuBP saturated at low CO2 or RuBP
egeneration-limited at high CO2.
An important result of the single-process theory is to emphasize
hat, in the response curve of a reaction to a factor, there are only
wo major segments:
1) The reaction responds to the factor (steep part of the curve),
where “that factor is limiting” and other factors are non-limiting
(saturating). In reality, we do not know anything about other
factors except the fact that they do not have any negative effect
on the reaction. Therefore, the suggestion of EPGase (Rubisco)
limitationwhen the reaction respond to CO2 is certainlywrong,
and judging fromthenumberofusersof the two-processmodel,
one can safely argue that it has been either misunderstood or
is misleading. The new interpretation of von Caemmerer et al.
(2009), which replaces Rubisco-limited with RuBP-saturated
can only add to the confusion, because it suggests that RuBP is
saturating, but it does not indicate the most decisive factor, i.e.
What is limiting? Is the limiting factor Rubisco capacity (VCmax)
according to Farquhar et al. (1980) and von Caemmerer and
Farquhar (1981) or is it CO2 according to Sharkey et al. (2007).
2) For the response of photosynthesis to radiation, the steep part
of the curve is limited by radiation. But sinceweknow that radi-
ation is mainly responsible for the release of EPGase (Rubisco)
and reproduction of RuBP, therefore we safely interpret radia-
tion as a measure of enediol that is carboxylase and oxygenase.
Admittedly, this keeps the effect of radiation on other pro-
cesses such as nitrogen metabolism and non-photochemical
quenching out, but we can include their effects in the quantum
efﬁciency of photosynthesis (ϕ).
According to the single-process theory, the limitation of the sec-
nd step at the plateau of the curve can be, in addition to CO2, due
o feedback by a large number of factors including the enzymes
nd metabolites of RuBP regeneration pathway, in which case they
an cause enzyme limitation. However, under such conditions, the
eﬂection of RuBP limitation appears as a change in the active level
f Rubisco and Rubisco (EPGase) activase (Portis et al., 1995) and/or
s an increase in the concentration of PGA (Price et al., 1995, Fig.
C for low GAPDH activity) that causes product inhibition. Mathe-
atically, it is important to have a clear picture of the maximum
ransitional as well as the steady state reactions to establish the
alues of VCmax and Vmax for the two steps of the reaction. Other-
ise as the ratio of VCmax/Vmax changes, the values of ˛1 and ˛2 can
ary, and they may interact with other factors.
A very interesting observation for a large number of datasets
hat were used here was the ratio of VCmax/Vmax =2. If it proves that
his is a predominant characteristic of steady state carboxylation in
ormal conditions, then the signiﬁcance of the coincidence of this
alf maximal velocity for Vmax is that the intersection of the two
ines through the initial slope and Vmax is a signiﬁcant point in the
eaction kinetics, the concentration of which would determine KC.103 (2011) 265–284
If true, then it would be interesting to see under what conditions
this is applicable and what are the causes for any departure from
it.
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